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ABSTRACT 
Baculoviruses have been used as biocontrol agents to control insect pests in agriculture since 
the 1970s. Out of the fifteen virus families known to infect insects, baculoviruses offer the 
greatest potential as insect biopesticides, due to their high host specificity which makes them 
extremely safe to humans, other vertebrates, plants and non-target microorganisms. They 
comprise of two genera: nucleopolyhedroviruses (NPVs) and granuloviruses (GVs). The 
South African isolate of Cryptophlebia leucotreta granulovirus (CrleGV-SA) which is 
infectious for the false codling moth (FCM), Thaumatotibia leucotreta, (Meyrick) 
(Lepidoptera: Tortricidae), has been successfully developed into two commercial 
biopesticides; Cryptogran® and Cryptex®, for the control of FCM in citrus crops. The 
current method of enumeration used for CrleGV-SA virus particles in routine experiments 
during the production of the GV as biopesticides, is dark field microscopy. However, due to 
the small size of GVs (300-500 nm in length), the technique is not easy to perform on these 
viruses, and no systemic comparison has been made of potential alternative methods. 
Therefore, the main objective of this study was to develop a quantitative enumeration method 
for CrleGV-SA occlusion bodies (OBs) which is accurate, reliable, and feasible, and compare 
the developed methods of enumeration to the current method. Purified and semi-purified 
CrleGV-SA viral stocks were prepared for enumeration studies using spectrophotometry, dark 
field microscopy, scanning electron microscopy (SEM) and real time qPCR. 
Spectrophotometry was found to be an unreliable method for enumeration of GVs in the 
production, standardisation, and quality control of biopesticides. Dark field microscopy and 
SEM were found to be accurate, and statistically comparable (p = 0.064) enumeration 
techniques. qPCR is currently being optimised for the enumeration of GVs. This technique 
was demonstrated to generate accurate standard curves for absolute quantification of virus 
particles for pure and semi-pure virus preparations. qPCR offers the greatest potential as an 
accurate enumeration method because it is not affected by contamination with non-biological 
contaminating debris, nor by other biological material due to the specificity of PCR primers. 
Further work is required to fully develop qPCR as an enumeration method for GVs. 
However, dark field microscopy has been successfully validated as an enumeration method. 
SEM, which has a high resolution compared to light microscopy, has an added advantage 
over dark field microscopy, which is to distinguish virus particles in semi-pure viral stock 
preparations during counting. Therefore, SEM currently provides the most unambiguous and 
feasible enumeration method for GVs in both purified and semi-purified virus samples. 
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INTRODUCTION TO THE STUDY 
 
Viruses have been used as biological control (biocontrol) agents against insect pests since the 1930s 
(Szewczyk et al, 2006). The use of insect viruses as biocontrol agents in agriculture and forestry has 
gained momentum within the last decade. This has been encouraged by environmental and human 
health issues against using chemical pesticides in the industry (Bailey et al, 2010; Szewczyk et al, 
2006; Arif, 2005). The South African isolate of Cryptophlebia leucotreta granulovirus         
(CrleGV-SA), is an insect virus which is infectious for the false codling moth, Thaumatotibia 
leucotreta (Meyrick) (Lepidoptera: Tortricidae), an important pest of various fruit crops, 
particularly citrus fruits. It is produced and sold as two commercial biopesticides, Cryptogran® 
(River Bioscience, South Africa) and Cryptex® (Andermatt, Switzerland) (Moore et al, 2011; 
Moore et al, 2004; Moore, 2002; Grove et al, 1999). Furthermore, new baculovirus products offer 
solutions for the biological control of Cydia pomonella and Thaumatotibia leucotreta (S. Moore, 
personal communication). 
 
The main objective of this study was to develop a quantitative enumeration method for CrleGV-SA 
virus particles which is reliable, accurate and feasible. Standardisation and quality control in the 
production of insect viruses as biopesticides is imperative and requires a highly accurate 
quantitative method to indicate the number of viruses within each commercial product and to assess 
efficacy in the field. Dark field microscopy, which is the current enumeration method, is not easy to 
perform on granuloviruses due to their small size (Hunter-Fujita et al, 1998) and no systematic 
comparison has been made of potential alternative methods. In this study, enumeration methods 
were developed using the South African isolate of Cryptophlebia leucotreta Granulovirus   
(CrleGV-SA).  
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CHAPTER 1.  LITERATURE REVIEW 
 
1.1  Baculoviridae family 
Out of the fifteen virus families known to infect insects, the Baculoviridae family offers the greatest 
potential as biopesticides, due to their high host specificity, thus rendering them safe to humans, 
other vertebrates, plants and non-target microorganisms. However, their formulation as 
biopesticides is limited by their time to kill and the challenge faced to produce them in vitro for 
commercial purposes (Szewczyk et al, 2006; Cory and Bishop, 1997). Before baculoviruses can be 
used as biocontrol agents, the study of their taxonomy and biology is imperative (Richards et al, 
1999). 
 
Baculoviridae is a large family of invertebrate viruses which comprise two genera identified 
according to morphology and size: nucleopolyhedroviruses (NPVs), formerly known as nuclear 
polyhedrosis viruses and granuloviruses (GVs), formerly known as granulosis viruses. These 
viruses have double-stranded circular DNA as their genetic material, with genomic sizes ranging 
90-180 kbp, and are characterised by rod-shaped nucleocapsids which are occluded in a crystalline 
proteinaceous matrix known as occlusion bodies (OBs). Occlusion bodies produced by NPVs are 
polyhedral in shape and are mainly composed of a structural protein known as polyhedrin. This 
protein is highly conserved across the characterised NPVs. NPVs are further divided into two 
subgroups; group 1 consisting of OBs that have occlusion-derived virions (ODVs) containing a 
single nucleocapsid within them (SNPV) and group 2 with OBs containing ODVs with multiple 
nucleocapsids within them (MNPV). Occlusion bodies produced by GVs are granular shaped and 
are mainly composed of the structural protein known as granulin, which is highly conserved in 
GVs. These features are shown in Figure 1a (Okano et al, 2006; Hunter-Fujita et al, 1998; Volkman 
et al, 1995). Baculoviruses only infect arthropods, and have been isolated from more than 600 
different insect species, mainly in the orders: Lepidoptera, Diptera, Hymenoptera and Coleoptera. 
Since each baculovirus is highly infectious towards a narrow range of closely related insect species, 
the number of the insect species infected by these viruses gives an indication of the diversity and 
distribution of the Baculoviridae family (Lapied, 2009; Szewczyk et al, 2006; Cory and Bishop, 
1997; Moscardi et al, 1999). 
 
1.1.1  Life Cycle 
An important feature of baculoviruses is that they produce two types of virions during their 
replication cycle; the occlusion-derived virion (ODV) and a budded virion (BV). These two 
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phenotypes are structurally different, as shown in Figure 1b, and perform different functions. The 
ODVs are enclosed in OBs, and the BVs are encapsulated in an envelope mainly composed of a 
peplomer glycoprotein known as GP64, which plays an important role in the transmission of 
infection within the host. The ODVs are responsible for primary infection of the host by the virus or 
transmission of infection from one host to another within an insect population. The BVs are 
responsible for secondary/systemic infection (transmission of infection from cell to cell within 
larval tissues). The ODVs encapsulated in the OBs are environmentally stable and can survive 
outside the host for several years. However, they easily dissolve in the alkaline conditions of the 
insect midgut following ingestion. Such conditions are rare in other biological systems. They are 
also easily degraded by UV light (McWilliam, 2003; Cory and Bishop, 1997; Hortman and Burand, 
1993). 
 
All baculoviruses are ingested as OBs by the host, which solubilise upon entering the insect midgut, 
which has a pH ranging 10.0-12.0 depending on the insect species, thus releasing the ODVs. Viral 
replication occurs within the epithelial cells of the midgut. For most baculoviruses, systemic 
infection occurs throughout the body cells via BVs. The OBs are produced in the final stages of 
infection and this is followed by the death of the insect whereby its body ruptures thus releasing 
numerous OBs into the environment. Figure 2 demonstrates the replication cycle of a baculovirus 
which causes systemic infection (Szewczyk et al, 2006). BVs are highly infectious once they have 
entered the insect tissue, whereby cellular infection occurs through receptor-mediated endocytosis, 
but they have low infectivity immediately upon ingestion by the insect host. ODVs are highly 
infectious via the oral route, but they are much less infective in cell cultures (Rohrmann, 2008; 
Szewczyk et al, 2006; Hunter-Fujita et al, 1998; Monsma et al, 1996). Therefore it is important that 
the formulations or biopesticides produced from baculoviruses to control insect pest populations 
mainly consist of OBs containing the ODVs. 
 
1.1.2  Viral replication 
Extensive studies on Autographa californica NPV (AcMNPV) have been performed to understand 
the replication of NPVs and GVs in Lepidoptera. Following entry into the host cell, viral replication 
is initiated by the insect's RNA Polymerase II, leading to the synthesis of viral early promoters. 
Viral DNA synthesis is initiated in combination with the viral transcriptional transactivators (IE-1) 
and homologous repeated (hr) sequences, which leads to the transcription of late gene promoters. 
Owing to their large genomes compared to other small DNA viruses, replication in baculoviruses 
has more than one site of origin, unlike other DNA viruses. Studies done by Habib and Hasnain 
(2000) and Wu et al (1999) suggest that hr sequences, non-hr sequences and early promoters that 
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are dispersed throughout the genome could represent origins of replication in unwound viral DNA. 
There are six viral genes that have been shown to be implicated in DNA replication, and 
homologues of these genes are found in all baculoviruses studied so far. These genes encode a 
primase (late expression factor-1), a primase accessory factor (LEF-2), a helicase, DNA 
polymerase, a single-stranded DNA binding protein (SSB) (LEF-3) and IE-1 (origin binding 
protein). Homologues of the last two genes have not been identified in the genomes of insect 
viruses of the hymenopteran and dipteran orders. Another protein or protein homologue shown to be 
conserved across baculoviruses and implicated in DNA replication is alkaline nuclease (Rohrmann, 
2008; Okano et al, 2006). The most conserved structural protein is polyhedrin or granulin in 
lepitopteran and hymenopteran NPVs and GVs respectively. About 46% homology is observed 
across each group. Table 1 shows the comparisons made across common features found in 
baculovirus genomes (Okano et al, 2006; Rohrmann, 2008; Rohrmann, 1992). Table 2 shows the 
characteristics of the baculovirus genomes that have been fully sequenced. 
 
          
Figure 1.  Morphological characteristics of baculoviruses. 
(a) Differences between the NPVs and GVs. (b) The two types of virions (ODV and BV) produced 
in the infection cycle of members of the Baculoviridae family (Hunter-Fujita et al, 1998). 
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Figure 2.  Infective life cycle of baculoviruses.   
Occlusion bodies (polyhedra in the case of NPVs) are ingested by the host and solubilise in the 
midgut. The occlusion-derived virions are then released to infect the midgut epithelial cells. 
Following viral replication, budded virions are produced which cause systemic infection within the 
host. In the final stages of the infection cycle, OBs are produced and the insect larvae desolidify, 
releasing numerous infectious OBs into the environment (Szewczyk et al, 2006). 
 
 
The NPVs are the most studied group of baculoviruses, and hence well characterised. This is 
because of their flexibility in morphology and in genetic manipulation for improvement as 
biopesticides (Hunter-Fujita et al, 1998). Although this is the case, attention will be given to the 
GVs, since CrleGV-SA is a GV. 
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  Table 1.  Features of baculovirus genomes 
 
Categories Lepidoptera 
   NPV/ GV 
Hymenoptera 
   NPV 
Diptera 
  NPV 
Genome sequence         16/7          2     1 
Genome size (kb)    101-178          82-86   108 
Open reading frames (ORF) 
(predicted) 
   119-181         90   109  
Gene categories:  
a) Replication 
DNA polymerase         +          +     + 
Late expression factor-1 
(primase) 
        +                     +     + 
Late expression factor-2 
(primase assoc.) 
        +          +      + 
Helicase         +          +     + 
Late expression factor-3 
(ssDNA binding protein) 
        +          -     - 
IE-1 (immediate early gene-1)         +          -     - 
DBP (ssDNA binding protein)         +          +     - 
Alkaline nuclease         +          +     + 
Very late expression factor-1         +          +     + 
b) Transcription  
Late expression factoer-4         +           +     + 
Late expression factor-8         +          +     + 
Late expression factor-9         +          +      + 
P47         +           +     + 
c) BV envelope fusion  
GP64        +/-          -     - 
F (fusion)         +          -    + 
d) Apoptosis  
P35        +/-          -     * 
Iap  (inhibitor of apoptosis)         +          +     - 
 
 From Okano et al (2006). 
* Although a Dipteran NPV p35 homolog was reported by Afonso et al (2001), 
 it does not show up in a BLAST search using AcMNPV p35. 
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Table 2.  Characteristics of fully sequenced baculovirus genomes 
 
Virus Abbreviation No. of 
ORFs 
Genome
Size(bp) 
AT content 
    % 
No.  
of 
hr 
Cryptophlebia leucotreta GV 
Cydia pomonella GV 
Phthorimea operculella GV 
Plutella xylostella GV 
Xestia c-nigrum GV 
Autographa californica MNPV 
Rachiplusia ou MNPV 
Bombyx mori NPV 
Epiphyas postvittana NPV 
Orgyia pseudotsugata MNPV 
Helicoverpa armigera NPV(G4)  
Helicoverpa armigera NPV (C1)  
Helicoverpa zea SNPV  
Mamestra configurata NPV (A)  
Mamestra configurata NPV (B)  
Lymantria dispar MNPV  
Spodoptera exigua MNPV  
Spodoptera litura NPV  
Culex nigripalpus NPV  
  CrleGV 
   CpGV 
 PhopGV 
 PlxyGV 
 XecnGV 
 AcMNPV 
RoMNPV 
BmNPV 
EppoNPV 
OpMNPV 
HearNPV 
HearNPV 
HzSNPV 
MacoNPV (A) 
MacoNPV (B) 
LdMNPV 
SeMNPV 
SpltNPV 
CuniNPV 
129 
143 
130 
120 
181 
156 
149 
143 
136 
152 
136 
134 
139 
169 
167 
164 
139 
141 
109 
110907 
123500 
119217 
100999 
178733 
133894 
131526 
128413 
118584 
131995 
131403 
130760 
130869 
155060 
158482 
161046 
135611 
139342 
108252 
      67.6 
      54.8 
      64.3 
      59.3 
      59.3 
      59.3 
      60.9 
      59.6 
      59.3 
      44.9 
      60.0 
      60.1 
      60.9 
      58.3 
      60.0 
      42.5 
      56.2 
      57.2 
      49.1 
   3 
  13 
  n.d 
   4 
   9 
   9 
   9 
   7 
   5 
   5 
   5 
   5 
   5 
   4 
   4 
  13 
   6 
  17 
   4 
 
From Lange et al (2004) and Lange and Jehle (2003). 
 
1.2  Granuloviruses 
The first discovery of these viruses was in 1926 by Andrie Paillot. The virus was termed granulosis, 
but it is now termed granulovirus (Arif, 2005). Studies on GVs show that this group infects insect 
species in the lepidopteran order (Blissard et al, 2000). As previously discussed in section 1.1, the 
OBs produced by GVs are granular in shape, and the structural protein, granulin accounts for 95% 
of the protein content in OBs. GVs are much smaller in size compared to the NPVs (1-15 µm), 
ranging 0.4-0.6 µm in diameter/length, and each granule/OB contains a single virion (Parola et al, 
2003; Hunter-Fujita et al, 1998; Federici, 1997). 
 
1.2.1  Granulovirus pathogenesis 
The pathogenecity of GVs has not been thoroughly investigated due to the lack of a suitable cell 
culture system. In addition, being very small in size, study by light microscopy is difficult. The 
infectious pathway of a GV described below is based on studies conducted on the Cydia pomonella 
granulovirus (CpGV) by Winstanley and Crook (1993). However, known differences within GVs 
will be highlighted. 
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Upon entering the insect larval midgut, similar to NPVs, the granules, also termed OBs, solubilise 
within minutes in the alkaline conditions. The virus particles within the OBs are released and pass 
through the peritrophic membrane of the epithelial cells. This process is aided by an enzyme called 
enhancin which was first identified in GVs. In contrast to NPVs, where the virion nucleocapsid, 
enters the nucleus by fusion with the nuclear envelope, in GVs, the virion nucleocapsid remains 
outside the nucleus and the genetic material (DNA) enters the nucleus at the nuclear pores. At the 
beginning of the virus life cycle, as in NPVs, the virus replicates first in the nucleus, which 
enlarges. Then upon nuclear rupture, the virions enter the cytoplasm and replication continues 
(Federici, 1997).  
 
Thereafter, different infection pathways occur depending on the GV type. Infection either spreads to 
the fat body alone, or to the fat body and other tissues such as the tracheal matrix and epidermis. As 
each nucleocapsid is formed, it buds out of the cell through the basal plasmalemma, resulting in the 
production of BVs. The BVs enter the other cells of the body via endocytosis. The route of infection 
may differ from one GV type to the next but the phase in which replication occurs is similar in all 
GVs that have been studied so far. Rupturing of the nucleus in each cell leads to mixing of the 
cytoplasm and the nucleoplasm. Production of numerous virogenic stroma follows which, although 
not fully understood, are structures that are made up of RNA, protein and small amounts of DNA 
surrounding the intrastromal spaces. Assembly of nucleocapsids occurs at the edges of the cell, 
followed by the maturation of the virus particles, thus leading to the formation of granular     
crystal-like structures. The virions are then occluded and more granules are produced until the cell 
is filled with thousands of granules/OBs, which then leads to the rupture of the cell. The OBs are 
then released outside the larval cadaver to infect other insect larvae (Federici, 1997). 
 
1.2.2  Granulovirus groupings 
Begon et al (1993), Federici et al (1993) and Hess and Falcon (1987) have identified three types of 
GVs based on their tissue tropism. Type 1 infects only fat body tissue, type 2 infects the fat body, 
trachael matrix and epidermal tissues and type 3 infects only the midgut cells. In type 1 GVs, the 
non-infection of other crucial tissues, such as the tracheal matrix and epidermis results in longer 
survival time of the infected larvae. An example of a type 1 GV is Tricloplusia ni granulovirus 
(TnGV) (Federici, 1997; Federici, 1993). For instance, the infected larvae could continue feeding 
for a week longer when compared to larvae infected by the same amount of type 2 GV. Type 2 GVs 
show a gross pathology similar to that of NPVs belonging to the lepidopteran order. In this case, 
since the infection is severe when compared to that in type 1 GVs, the larvae die within a week. 
Examples of GVs belonging to type 2 are; Cydia pomonella granulovirus (CpGV), the most 
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characterised GV, which infects the codling moth - an important insect pest that attacks apples 
throughout the world, Epinotia aporema granulovirus (EpapGV) which infects E. aporema larvae, 
an important pest of legumes in South America and Cryptophlebia leuotreta granulovirus (CrleGV). 
An example of a type 3 GV is the Harrisina brillians GV (HabrGV) (Lacey et al, 2008;        
Opoku-Debrah, 2008; Goldberg et al, 2002; Ludewig, 2003; Federici, 1997; Federici, 1993). 
 
1.3  Baculoviruses as biopesticides 
Biopesticides can be defined as products of naturally occurring organisms formulated to control 
pests in forestry and agriculture. Globally, the sale of biopesticides has increased annually by 10% 
since 1997 (Table 3) (BCC Research, 2006). Approximately, 225 microbial insecticides have been 
developed in the 30 countries belonging to the Organisation for Development and Cooperation 
(Kabaluk and Gazdik, 2007). The North American Free Trade Agreement (NAFTA) countries which 
are USA, Canada and Mexico account for 44% of the biocontrol products sold globally. According 
to research done by Business Communications Company (BCC), biopesticides account for 3% of 
the total global pesticides market. The increase in using biopesticides to replace chemical pesticides 
depends largely on the environmental and human safety concerns of the farmers and the rest of the 
public, regulatory systems that govern the countries, market strategies used in the industry and 
developments in science and technology (Bailey et al, 2010; Hajek et al, 2007; Thakore, 2006) 
 
The use of baculoviruses as biocontrol agents is an attractive idea, as mentioned in section 1.1, due 
to their high host specificity making them extremely safe to humans, other vertebrates and other    
non-target organisms. In accordance with safety requirements, toxicity studies have been done on 
mammals (dogs, rats and mice), birds, other wildlife animals, guinea pigs, aquatic systems, 
beneficial insects such as honeybee and silkworm, and humans, and no side effects or carcinogenic 
effects were observed (Gilbert and Gill, 2010; McWilliam, 2003). Baculoviruses are 
environmentally friendly as they pose no adverse effects on the environment compared to chemical 
insecticides. Chemical pesticides have been shown to cause a number of problems, including water 
contamination in lakes and other natural water habitats, food poisoning which has resulted in human 
deaths, interference with biodiversity and ecosystems (Pimentel, 2008; Lacey et al, 2001). This 
being the case, however, the use of baculoviruses as biocontrol agents has been limited by their 
slowness to kill when compared to chemical pesticides and by their narrow host range. Thus, one 
formulation of a baculovirus may work against only a few insect pests. Although their slowness to 
kill is an advantage to the virus as it increases its time of replication leading to a high yield of 
virions, this phenomenon causes damage to crops as the infected insect pests continue feeding right 
up until the point of death. This causes considerable economic losses in export of agricultural 
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produce (McWilliam, 2003; Rohrmann, 2008). For instance, in the case of CpGV, against the 
codling moth on apples, the larvae may penetrate the skin quickly as the apple has a very thin skin, 
and thus the virus will have little effect on the insect. Moreover, apples have a very low damage 
tolerance. However, this is not the case with CrleGV against false codling moth on citrus, as the 
insect larva takes about four days to penetrate the rind of the orange. During this time, the virus 
begins to take effect thus altering the behaviour of the larva. Moreover, if the larva does not die due 
to infection by CrleGV before it penetrates the fruit, it reverses out of the rind and dies outside the 
fruit, (“top tree disease”). The small wound in the rind of the fruit heals thus causing no further 
damage to the fruit (S. Moore, personal communication). 
 
However, these limitations can be improved by genetic engineering i.e. insertion of foreign genes or 
deletion of viral-encoded genes. For instance, genes encoding for insect-specific toxins from 
scorpions, spiders, Bacillus thuringiensis; genes encoding hormones such as diuretic hormone, 
juvenile hormone esterase (JHE), or genes encoding for enzymes such as proteases can be inserted 
into or deleted from the virus genome. Currently, the most successful example of using a 
recombinant form of a baculovirus is by deletion of the egt (ecdysteroid UDP-glucosyltransferase) 
gene, as shown by O’Reilly and Miller (1991), using AcMNPV. The egt gene encodes for the 
enzyme egt which regulates ecdysteroids, hormones that play a vital role in the moulting and 
pupation stage of the insect. Viral egt prolongs the larval stage of development, enabling increased 
viral replication, but also extending the lifespan of the infected larva. It has been shown that the 
deletion of the viral gene in AcMNPV appears to increase stress in the larva post-moulting and thus 
reduces the time taken for the virus to kill the insect host. Such modifications have contributed to 
the improvement of this and other insect viruses as biocontrol agents (Lapied et al, 2009; 
Rohrmann, 2008; Hunter-Fujita et al, 1998, O’Reilly and Miller, 1991). A point to note is that, 
although this has a potential to improve the infectivity of insect viruses against their hosts, as yet, 
this has not passed the research stage as it is expensive to produce recombinant viruses for 
commercial use (S. Moore, personal communication). 
 
Szewczyk et al (2006) state that economic benefits, though important, are not the only advantages 
of biocontrol. Baculoviruses are highly selective for their insect hosts, mainly in the order of 
Lepidoptera, and they do not replicate in non-target organisms as documented in safety tests on 
numerous non-target organisms (Szewczyk et al, 2006; Saik et al, 1990; Scott, 1999).  Research is 
being done towards producing baculoviruses in vitro, although virus production in vivo is currently 
the best alternative. Even though this contributes to the costs of biopesticides, the in vivo approach 
offers opportunity of employment, especially in the developing countries and in vitro production 
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would be more expensive (Rohrmann, 2008; Szewczyk et al, 2006; Lacey et al, 2001). 
 
To date, the most successful use of baculoviruses as biopesticides is that implemented in the early 
1980s in Brazil (Rohrmann, 2008; Oliveira et al, 2006). The Anticarisia gemmatalis MNPV 
(AgMNPV) was formulated as a biopesticide against the velvet bean caterpillar, Anticarisia 
gemmatalis, which is a serious pest against soybeans (Moscardi et al, 2002). By 2005, over             
5 million hectares had been treated with formulated AgMNPV. The success of the AgMNPV 
biopesticide stems from the fact that the virus is highly infectious for the bean caterpillar and 
therefore only one application of the virus on the fields is required, unlike with chemical pesticides 
which need to be applied at least twice to be effective. Another remarkable feature of the AgMNPV 
is that its genome lacks the genes encoding the chitinase and cathepsin proteins which are involved 
in the disintegration of the insect larvae in the final stages of infection. Since the cadavers do not 
disintegrate upon death, their removal is easier as the dead larvae bodies remain intact after death 
(Moscardi, 1999; Moscardi 1989). Therefore, the formulated virus is 20-30% less costly compared 
to the cost of chemical insecticides. This has led to the elimination of the use of about 17 million 
litres of chemicals (Rohrmann, 2008; Szewczyk et al, 2006). 
 
An example of a GV that is widely used as a biopesticide is the CpGV. It is used to control the 
codling moth Cydia pomonella, a pest which attacks pears and apples. The virus was first isolated in 
Mexico in 1963. Production of the virus as a biopesticide has been encouraged by issues concerning 
the protection of the environment and human health against chemical pesticides and the resistance 
of the pest against these chemicals. The virus is widely used as a biocontrol agent in Europe and 
North America (Rohrmann, 2008; Lacey and Unruh, 2005). Table 4 shows a list of some of the 
baculoviruses currently used as biocontrol agents worldwide. 
 
Table 3.  Global biopesticide and synthetic pesticide market  
Category 2003 $ 
millions 
   USD 
2004 $ 
millions  
   USD 
2005 $ 
millions  
  USD 
2010 $ 
millions  
  USD 
% Average 
annual 
growth 
Biopesticides 
Synthetic 
Total 
Biopesticides 
as % of total 
  468 
27,144 
27,612 
  1.69 
  562 
26,600 
27,162 
  2.01 
  672 
26,076 
26,748 
  2.57 
 
  1075 
24,205 
25,280 
  4.25 
       9.9 
     - 1.5 
      -1.1 
 
From BCC Research (2006). 
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Table 4.  Some of the baculoviruses used as biocontrol agents in insect pest management worldwide 
 
Baculovirus species Insect pest Agricultural produce  
Cydia pomonella granulovirus 
(CpGV) 
Codling moth (CM) Apple, pear, walnut and plum 
Cryptophlebia leucotreta 
granulovirus (CrleGV) 
Thaumatotibia leucotreta Citrus fruits, avocadoes, 
peppers, grapes 
Autographa californica  
nucleopolyhedrovirus 
(AcMNPV) 
Alfala looper, Autographa 
californica 
Alfalfa and other crops 
Helicoverpa armigera 
nucleopolyhedrovirus 
(HaSNPV)  
Cotton bollworm, Helicoverpa 
armigera 
Cotton, vegetable crops 
Spodoptera littoralis 
nucleopolyhedrovirus 
(SpliNPV) 
Spodoptera littoralis Cotton, corn, tomatoes 
Spodoptera exigua 
nucleopolyhedrovirus 
(SeMNPV) 
Beet armyworm, Spodoptera 
exigua 
Vegetable crops, greenhouse 
flowers 
Helicoverpa zea 
nucleopolyhedrovirus 
(HzSNPV) 
Tobacco budworm 
Helicoverpa zea, and Cotton 
bollworm Heliothis virescens 
Cotton and vegetables 
Anagrapha falcifera 
nucleopolyhedrovirus 
(AnfaNPV) 
Celery looper, Anagrapha 
falcifera 
Vegetables 
Plutella xylostella 
nucleopolyhedrovirus 
(PlxyMNPV) 
Cabbage moth, American 
bollworm, diamondback 
moth, potato tuber moth 
Cabbage, tomatoes, cotton 
Orgyia psuedotsugata 
nucleopolyhedrovirus 
(OtMNPV) 
Douglas fir tussock moth, 
Orgyia psuedotsugata 
Forest habitat, Lumber 
Lymantria dispar 
nucleopolyhedrovirus 
(LdMNPV) 
Gypsy moth, Lymantria 
dispar 
Forest habitat, Lumber 
 
From Moazami, (2000) and Weeden et al (1999). 
 
1.4  Cryptophlebia leucotreta granulovirus 
Cryptophlebia leucotreta granulovirus is an insect virus (family Baculoviridae, genus Granulovirus) 
which is pathogenic for false codling moth, Thaumatotibia leucotreta in tropical and subtropical 
Africa. Currently, three isolates of CrleGV have been identified from Cape Verde Islands, Ivory 
Coast and South Africa; CrleGV-CV3, CrleGV-IC and CrleGV-SA respectively (Lange and Jehle, 
2003; Singh et al, 2003).  A further five new isolates have been identified by J. Opoku-Debrah, 
Rhodes University (personal communication). Furthermore, he has shown that the two commercial 
isolates from Cryptex® and Cryptogran® are distinct from one another.   
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1.4.1  Genomic analysis 
The genome of CrleGV-SA has been sequenced (accession number AY293731) (Singh et al, 2003) 
and found to contain 110907 bp and like the other isolates, has the highest content of the 
nucleotides Adenine and Thymine (AT) amongst all sequenced baculoviruses (see Table 2) (Lange 
and Jehle, 2003). The genome as shown in Figure 3 encodes 129 open reading frames (ORFs) and 
124 of these are similar to those located in other baculoviruses. CrleGV shares 26 ORFs with other 
GVs and has 5 unique ORFs (Crle9, Crle18, Crle22, Crle48 and Crle49). The CrleGV genome 
encodes 26 genes unique to all GVs. It also contains a gene-Crle23-which is a homolog of the p10 
gene encoding a protein in NPVs suggested to play a role in the maturation of polyhedra (Lange and 
Jehle, 2003). Other genes to note are the Crle26 ORF which contains an epidermis growth      
factor-like signature domain, again this gene is unique to GVs; Crle11 gene encoding the cathepsin 
protein; Crle10    iap-5, Crle16 iap-3 and Crle85 genes, which belong to the family of apoptotic 
inhibitors. Crle10, although suggested to encode for a chitinase, appears not to encode for a 
functional chitinase as it shows little similarity in nucleotide identity to other baculovirus genomes. 
Sequence analyses of the genomes from all CrleGV isolates indicate the absence of the central 
coding region and the active site of chitinase proteins. Crle43 mp-nase encodes for a protein 
belonging to the metalloproteinase superfamily which is characterised by a zinc-binding region. 
According to Hashimoto et al (2007), this protein is involved in the breakdown of insect tissues in 
viral infection. Homologous repeated regions which are present in most baculoviruses were 
identified in the CrleGV genome. Another set of genes to note are Crle20, Crle23, and Crle24 
which contain the Baculo PEP N-terminal domain of the polyhedrin envelope. The granulin gene 
which codes for the structural protein granulin, shows the highest identity across all GVs. For 
example, the CrleGV granulin amino acid sequence has 98% identity with that of the CpGV and 
94% identity with the granulin protein in Phthorimea operculella GV. The granulin gene sequence 
is 747 bp and is encoded in the first ORF.  Another important gene, egt, encodes for an enzyme 
known as ecdysteroid UDP-glucosyltransferase, which has been shown to affect the survival period 
of the insect post infection. It is 1391 bp and is encoded in ORF-128. It is found to be conserved in 
all baculoviruses in the order Lepidoptera excluding two GVs (XcGV and SpliGV). The viral 
enzyme egt which has homology to the insect enzyme prevents moulting of the insect thus 
increasing its duration of feeding. This allows the virus to replicate and produce more copies of 
itself before death of the insect. Studies show that the insect larvae grow larger than their            
non-infected counterparts before they succumb to death (Parola et al, 2003; Lange and Jehle, 2003; 
Singh et al, 2003). 
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1.4.2  False codling moth, Thaumatotibia leucotreta  
Thaumatotibia leucotreta, also known as false codling moth (FCM), is a tortricid pest which feeds 
on citrus fruits, avocadoes, peppers, cotton, maize and other kinds of crops. It has been found to 
infest more than 50 different plant species. Being a warm climate insect, FCM thrives in warmer 
temperatures (15-25ºC) and temperatures below 10ºC reduce its chances of survival (Kirkman, 
2007; Moore et al, 2004; Borchet et al, 2003). 
 
Briefly, the adult moths, as shown in Figure 4A, emerge from lightly woven silk and soil cocoons 
on the ground, mate, and the female lays about 100-500 eggs, one at a time. These eggs are laid on 
the fruit or bolls (in the case of cotton) of the crop. The eggs are normally white to cream in colour 
and have a flat oval disc shape, as shown in Figure 4B. They become reddish in colour just before 
hatching (Figure 4C). Hatching releases the neonate (first instar) larvae which then enter the fruit 
via an entry wound/point, created by the larva by chewing on it. The first instar larvae (1-1.2mm) 
are characterised by a dark pinacula (Figure 4D). The larvae go through the 5 larval stages within 
the fruit before emerging and dropping to the ground. The fifth instar larvae are normally orange to 
pink in colour, 12-18 mm long and are characterised by a brown head capsule and a thoracic 
segment (Figure 4D). Thereafter, pupae (Figure 4E) which are about 8-10 mm long, are formed 
within cocoons produced by the fifth instar larvae. The adult moth has a body of length 6-8 mm and 
wings ranging 17-20 mm in females and 15-18 mm in males (Borchet et al, 2003). 
 
1.4.3  Cryptophlebia  leucotreta granulovirus as a biopesticide 
CrleGV has been extensively studied for its use as a biopesticide against FCM by Citrus Research 
International (CRI). This has been encouraged by the problems faced with using chemicals to 
control the FCM population, and residue unacceptability in the export market. Controlling pest 
infestation with chemical pesticides has proven difficult as the pest is an internal feeder, that is, it 
enters the fruit and feeds within it. There are two formulations of the virus CrleGV-SA that are 
currently used in South Africa as biopesticides to control the FCM: Cryptex® (Swiss product) and 
Cryptogran®, a product of River Bioscience which is owned by the Southern African Citrus 
Growers' Association in South Africa (CGA). Cryptogran® was registered for use on citrus fruits in 
South Africa in 2004 and on avocadoes in 2009, following approval by the Departments of 
Agriculture, Health and Environmental Affairs (Opoku-Debrah, 2008; Moore et al, 2004).   
 
The mass production of CrleGV-SA for biopesticide formulation is done in vivo in the River 
Bioscience Addo Laboratories, South Africa. Insect larvae are fed a diet made of maize meal and 
other ingredients treated with the virus. The final preparation of virus is processed from insect 
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larvae infected and killed by the virus ingested with their diet.  About twenty thousand litres of the 
unpurified virus are produced annually and a sample of the virus is taken from each production 
batch for quantitative analyses (S. Moore, personal communication). 
 
Cryptogran®, the biological insecticide used for the control of FCM larvae on citrus crops is sold in 
1 litre volumes with a minimum concentration of 50×1010 OBs/ml. Each litre of the biopesticide is 
enough to spray an area of about 1 hectare of citrus or avocado trees. After the trees, including the 
fruits, are sprayed, FCM larvae will ingest the biopesticide containing CrleGV-SA, probably before 
the insect feeds on the fruit, and infection occurs as described in section 1.1.1 and 1.2.1 (S. Moore, 
personal communication). 
 
Field trials done on Cryptogran® demonstrate that the use of the biopesticide in controlling FCM is 
a success. Trials done on navel oranges show that damage caused by FCM on fruits was reduced by 
70% for a duration of 17 weeks, which is the longest time recorded for the use of a virus as a 
biocontrol agent. The long duration of efficacy is most likely due to the natural protection a citrus 
tree and the fruit provide against UV breakdown. Apart from being safe to humans and other living 
organisms, as studies done on the biopesticide prove, Cryptogran® is a biocontrol agent compatible 
not only with integrated pest management programmes, but also with chemical pesticides 
(Kirkman, 2007; Moore et al, 2004). Unlike chemical insecticides which are required to be sprayed 
more than once in a growing season, Cryptogran® has the ability to replicate within the target pest 
thus having an effect even after the first application, by remaining within infected dead larvae 
which subsequently rupture to release more viruses to the environment to infect more insects. 
Besides being used on citrus and avocadoes, Cryptogran® can also be used to control FCM 
infestation on grapes and peppers (Kirkman, 2007; Moore et al, 2004). 
 
Production of insect viruses as biopesticides requires accurate quantitative enumeration methods for 
determining the concentration of virus particles in the formulations. Currently this is done by dark 
field light microscopy. A specially designed counting chamber, onto which a small volume of viral 
suspension is placed, is viewed under dark-field illumination and the virus particles (OBs) are 
counted directly. Because GVs are very small, counting of the OBs is difficult, strenuous to the eye 
and time consuming. Therefore, this technique requires an experienced technician and the accuracy 
of the method is questionable. The main objectives of this study were to develop and test alternative 
quantitative methods which are highly accurate, effective and time efficient, and to compare these 
with the current enumeration method to establish their accuracy and suitability for use in 
standardisation and quality control in the commercial production of CrleGV-SA and other similar 
16 
 
insect viruses.  
 
 
Figure 3.  Diagrammatic representation of the CrleGV genome.  
The arrows indicate the ORFs (open reading frames) present in all GVs and NPVs found in the 
order Lepidoptera, and transcriptional direction.  The green arrows represent ORFs sequenced by 
Lange and Jehle (2003), black arrows represent GV-specific ORFs, gray arrows represent ORFs 
found in CrleGV and CpGV, and ORFs in red are found in CrleGV. The white arrows represent 
ORFs present in some NPVs and some GVs and repeat regions are represented by yellow arrows 
(Lange and Jehle, 2003). 
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        A                                                       B 
          
        C                                                       D 
          
                                     E 
                                     
Figure 4.  The life stages of false codling moth, Thaumatotibia leucotreta. 
Adult ( A), the eggs (B), first instar larvae (C), fifth instar larva (D)  and pupae (E). (Borchert et al, 
2003 (Couilloud, 1988)) 
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1.5  Enumeration of Baculoviruses 
Enumeration or quantitative analyses done on baculoviruses are based on counting the number of 
OBs. BVs (budded virions) have been shown to persist in the environment only for a short period, 
and have very low infectivity in whole insects upon ingestion, whereas OBs are highly infectious 
upon ingestion by the insect and persist for many years in the environment. A point to note is that 
when an infected insect dies, virus particles in all stages are released into the environment; naked 
DNA BVs, nucleocapsids and OBs (Hunter-Fujita et al, 1998; Wood and Hughes, 1996). A number 
of techniques have been used to quantify baculoviruses, namely light microscopy (dark field and 
dry-film), spectrophotometry, real time quantitative PCR, enzyme-linked immunosorbent assays 
(ELISA), flow cytometry (FCM) and lately, high performance liquid chromatography (HPLC).  
 
1.5.1  Spectrophotometry 
Spectrophotometric analyses give an estimate of the number of virus particles/OBs in a given 
sample. Dilutions of the viral preparation are prepared and the absorbance read at 260 nm and 350 
nm wavelengths. The number of OBs is calculated using a standard formula originally devised by 
Dr S Wormleaton, Horticulture Research International, UK (Singh, 2001) shown below: 
 
Number of OBs per ml = Average (OD350 / (13 × dilution factor); OD260 / (31 × dilution factor)) 
× 3.83×1010, where 1 mg/ml = 3.83×1010 OBs/ml 
Although this method is included in the study, it is not ideal for standardisation and quality 
assessment in the formulation of baculoviruses as biopesticides. This is because the OD readings 
are non-specific to the virus and thus any DNA, proteins and compounds in the samples contribute 
to the OD values, hence are over estimated. 
 
1.5.2  Light microscopy 
The two types of light microscopy (LM) techniques used to quantify baculoviruses are dark field 
microscopy and dry-film bright field microscopy. The main difference between dark field and bright 
field microscopy is that in bright field, light passes through the condenser, the specimen, objective 
and eyepiece, and is displayed to the eye. In dark field microscopy, the light does not pass through 
the specimen but is reflected by the specimen being viewed. This produces better resolution of 
small bright particles than bright field microscopy. Dry film preparations require staining of 
samples and this creates artefacts. Dry-film has been proved to be even more difficult to use as an 
enumeration method for GVs than dark field microscopy, and is therefore not a reliable quantitative 
method (Hunter-Fujita et al, 1998). Dark-field microscopy is used worldwide as a method for 
counting baculoviruses, but is difficult to perform on GVs because they are much smaller than 
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NPVs. The technique requires considerable experience, is time consuming and causes a strain to the 
eye during counting of GVs (Hunter-Fujita et al, 1998).  
 
1.5.3  Electron microscopy 
Electron microscopy (EM) provides an important platform for high resolution imaging, and has 
been used extensively in medical and biological sciences to study the morphology of biological 
systems including insect viruses. There are two types of electron microscopes; scanning electron 
microscope (SEM) and transmission electron microscope (TEM). An important difference between 
EM and LM is in the type of illumination source used. LM uses light whereas EM uses electrons, 
and because electrons have a shorter wavelength than light, this phenomenon enables the SEM to 
obtain a resolution of better than 2 nm and the TEM, a resolution of better than 0.2 nm, which is far 
greater than the resolution, 1 µm, of conventional LM (Bozzola and Russell, 1999; Hunter-Fujita et 
al, 1998). SEM is used to image the topology or surfaces of metals, biological materials such as 
tissues, cells, viruses and other compounds, whereas TEM is used to study the ultrastructure of the 
specimen of interest. The principle of operation of the SEM involves the scanning of the surface of 
the specimen by a beam of electrons (primary electrons), and this leads to the ejection of electrons 
(secondary electrons) from the specimen. The secondary electrons are converted to a signal by a 
detector which then produces a visible image on a LCD screen. The principle of the operation of the 
TEM allows the viewing of a specimen thin enough to allow the transmission of electrons through 
the specimen. The image formation is based on the principle of differential electron absorption due 
to thickness and/or density variations in the specimen. An image is then recorded using a phosphor 
screen. Since electrons cannot travel in air without being scattered, the EM sample chamber and 
column are under vacuum (Bozzola and Russell, 1999).  
 
Takatsuka (2007), Martins et al (2005) and Tanada and Hess (1991) have performed morphological 
studies on baculoviruses using EM. Figure 5 shows micrographs obtained for baculoviruses where 
both SEM and TEM were used to study the morphology of these insect viruses.  However, to date, 
no reports have been published for the application of EM techniques for the quantification of 
baculoviruses. Therefore, in this study, SEM was developed and investigated as an alternative 
enumeration method for GVs using CrleGV-SA.  
 
Direct counting of virus particles using SEM requires visualisation of the virus particles, and use of 
a standard reference material which is usually a certified concentration of polystyrene beads/latex 
particles (Wagner et al, 2008). In preparation of the sample, the beads are added to the virus sample, 
and prepared accordingly for EM analyses. Zheng et al (1996) have concluded that counting virus 
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particles using TEM is time efficient, simple and highly accurate, whereas Hunter-Fujita et al 
(1998) argue that TEM is expensive and time consuming when compared to dark field microscopy. 
  
               A                                                              B 
                     
                                         C 
                                         
Figure 5.  Electron micrographs of purified baculovirus OBs (occlusion bodies). 
(A) Scanning electron micrograph and (B) Transmission electron micrograph of the                  
multi-nucleopolyhedrovirus (MNPV) (Wolff et al 2002). (C) Transmission electron micrograph 
showing granulovirus OBs. Scale bar = 100 nm (Finnerty et al, 2000). The transmission electron 
micrographs show the nucleocapsid(s) embedded within the OBs. 
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1.5.4  Real time quantitative PCR 
Polymerase chain reaction (PCR) is a simple, highly sensitive and rapid method which is widely 
used in research and molecular biology. It is based on the specific amplification of a DNA fragment 
or gene of interest using oligonucleotide primers, dNTPs (deoxyribonucleotide triphosphates) and a 
heat stable enzyme Taq polymerase (Pfaffl, 2010). In real time quantitative PCR (qPCR), the 
amplification of the starting amount of DNA, known as the template, is monitored by a camera or 
detector using fluorescent dyes or probes which bind to the DNA during each cycle of during the 
PCR reaction. Each PCR cycle consists of three steps; denaturation, annealing and extension. These 
steps are temperature dependent and each step is initiated by a temperature change. These changes 
are used to control the separation of the DNA strands, the binding and activity of the Taq 
polymerase enzyme that synthesises the DNA, and the binding of two oligonucleotides known as 
primers that flank the DNA fragment to be amplified. The primers are designed to complement 
sequences at either end of the DNA fragment or gene of interest, with the forward primer 
complementing a short sequence at the 5’ end of the DNA fragment and the reverse primer 
complementing a short sequence at the 3’ end. During each cycle, the double stranded template 
DNA fragment or gene of interest is separated into two single strands, each primer binds to its 
complementary sequence and a new strand is synthesised from each primer, complementing the 
intervening DNA sequence.  Thus in each cycle the amount of DNA is doubled, and the double 
stranded DNA is measured to give information on the progression of the amplification of the DNA 
fragment. Eventually this exponential DNA amplification is reduced as the reaction reagents 
become rate limiting. Therefore, in order to accurately measure the starting quantity of the DNA 
template, a threshold cycle (Cq) which is the least number of PCR cycles required to generate 
enough fluorescent signal to be detected above that of the background fluorescence, is determined 
early in the exponential amplification stage of the PCR reaction. The amount of DNA is measured 
by detecting the amount of labelled probe or dye bound to it.  SYBR Green, an intercalating dye 
which fluoresces when bound to double stranded DNA (dsDNA) is most commonly used to monitor 
the amplification of the DNA fragment/gene of interest. The amount of DNA and hence bound 
SYBR Green initially increases exponentially, but in the early cycles this cannot be detected above 
the background fluorescence.  Therefore, the amount of starting DNA is directly proportional to the 
fluorescence signal detected in the quantification threshold cycle (Cq). Hence a large amount of 
DNA template at the start of the PCR reaction will require relatively few amplification cycles to 
accumulate enough product to be detected above background and thus give a low Cq value. Since 
SYBR Green binds non-specifically to dsDNA, the dye can also bind to primer-dimers that may be 
generated during the qPCR reaction and hence give a “false” fluorescent signal. To confirm that the 
signal produced is only from the gene of interest, a melt curve is plotted by the thermocycler, in 
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which a single sharp peak indicates the presence of one product sequence and confirms high 
specificity of the primers.  The temperature of this melting peak is characteristic for each product 
sequence and can also be used to identify the product. Multiple peaks indicate that the primers have 
bound to other DNA template sequences within the PCR reaction, which may be DNA that                
cross-hybridises with the primers, or a result of primer-dimers generated during the PCR reaction. 
Moreover, no template controls that contain all the PCR components except the DNA template are 
run in parallel to the DNA samples analysed for detecting contamination or non-specific 
amplification in the PCR reaction (Real-Time PCR Applications Guide, 2006).  
 
PCR-based analyses have been used to identify baculoviruses and other entomopathogens for 
phylogenetic studies. The most conserved genes polyhedrin and granulin that encode the polyhedrin 
and granulin structural proteins in NPVs and GVs respectively, have been used to study phylogeny 
of baculoviruses (Jehle et al, 2006). Singh (2001) has successfully used PCR amplification of the 
granulin gene to detect CrleGV-SA in FCM larvae collected from orchards in the Eastern Cape, 
South Africa. Garnier et al (2009) conducted a study on CpGV using real time PCR assays and 
showed that the technique can be used as a quantitative method in the production of GVs as 
biopesticides. Castrillo et al (2007) and Hashimoto et al (2007) have shown this technique to be 
highly sensitive and reliable for routine quantitative analyses in the production of biopesticides in 
insect pest management programmes. Therefore, this method is ideal for the enumeration of GVs. 
Oligonucleotide primers specific for a particular gene sequence within the virus genome are 
designed and used to make copies of the gene of interest. If the gene of interest is present as a single 
copy within the virus genome, then an accurate quantification of the number of virus particles 
present can be obtained. The feature that makes qPCR an excellent technique for the enumeration of 
virus particles is that only a minute amount of starting material is required. Therefore, apart from 
being accurate, time efficient and reliable, qPCR is highly sensitive. Moreover, the cost of real time 
qPCR thermocyclers has decreased over the last few years, resulting in an increase in use of qPCR 
for routine experiments in insect pest management (Szewczyk et al, 2006; Ginzinger, 2002).   
 
1.5.5  Enzyme-linked immunosorbent assay 
Enzyme-linked immunosorbent assay (ELISA), is based on the detection of a specific antigen or 
antibody in a given sample. Parola et al (2003) developed an ELISA assay which was used to detect 
and quantitate the Epinotia epirema GV, based on the viral structural protein granulin. Antibodies 
against granulin were produced in rabbits. The antibodies were then purified and used to detect 
granulin in viral suspensions using a double antibody sandwich ELISA. The method was shown to 
be convenient, inexpensive, and could be used on different types of virus preparations (impure, 
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purified, viral formulated samples). Parola et al (2003) argued that the other techniques which are 
commonly used: direct counting of OBs by LM or EM can only be relied upon for purified samples 
of the virus. In addition, although direct counting under LM using a conventional haemocytometer 
can be easily done for NPVs due to their larger OBs, for GVs, this is much more difficult, thus 
making the technique unreliable. However, for quantification of CrleGV-SA, ELISA could not be 
investigated as an alternative method as there are no antibodies available for any of CrleGV 
proteins and the production of such antibodies is costly and time consuming. 
 
1.5.6  Flow cytometry 
Shen et al (2002) conducted studies towards developing a method of quantifying baculovirus 
particles obtained from cell cultures using flow cytometry (FCM). The method involves directly 
counting virus particles stained with SYBR Green (a fluorescent dye that binds to dsDNA also used 
in qPCR), using a flow cytometer. Virus samples were prepared from cell cultures and the virus 
particles fixed using paraformaldehyde, freeze-thawed, and heated to optimise staining by SYBR 
Green I. However, such preparations of the virus particles could damage their morphology and thus 
affect the results. Moreover, the technique has been found unreliable for highly concentrated virus 
samples, and the background fluorescence from the medium in which the virus particles are 
prepared can significantly affect the accuracy of the enumeration method. Another limitation of this 
technique is that it is not specific to a particular virus, since it is based on staining of dsDNA in the 
virus preparations. It also doesn't indicate whether the virus particles are OBs/occlusion-derived 
particles or BVs. It simply indicates the estimated number of virus particles in the sample.  
 
1.5.7  High performance liquid chromatography 
High performance/pressure liquid chromatography (HPLC) is based on the separation and 
purification of chemical compounds in a sample for analyses. It is widely used in chemistry, 
biochemistry, biotechnology and pharmaceutical industry (Huber and Majors, 2007). The different 
compounds in a sample are separated in a column, known as the stationary phase, which consists of 
silica-based particles. A solvent, known as the mobile phase, is run at a certain pressure down the 
stationary phase. Each compound/analyte migrates along the column and is eluted at a certain time 
(retention time) unique to its composition. A detector at the end of the column is used to identify the 
eluents. Different detectors are used in HPLC depending on the sensitivity of the analyses. For 
instance, a mass spectrophotometer (MS) used as a detector provides both quantitative and 
qualitative information about each compound that is eluted (Hites, 1997). However, HPLC-MS 
systems are costly and are not easy to operate. Although HPLC using both anion and cation 
exchange materials has been used to purify baculoviruses, it has only recently been explored as a 
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quantitative method as reported by Transfiguracion et al (2011). Transfiguracion et al (2011) 
conducted an investigation of HPLC using anion exchange as a quantitative enumeration method 
for baculoviruses using SYBR Green 1, a dye that binds to dsDNA to detect isolated virus particles. 
The virus samples were incubated at 37ºC in the dark for an hour, prior to injection into the column. 
The fluorescence intensity of the eluents was monitored at excitation and emission wavelengths of 
479 nm and 520 nm respectively, based on the working solution of SYBR Green 1 used. The 
eluents were also monitored at 260 nm and 280 nm wavelengths to detect the presence of DNA and 
proteins respectively. To investigate the peak obtained on the chromatogram specific to 
baculoviruses, known concentrations of the virus were injected into the HPLC and the peak was 
analysed by    SDS-PAGE and western blot. To verify the accuracy of HPLC, unknown baculovirus 
samples were also quantified using high resolution flow cytometry and end-point dilution and 
compared. Transfiguracion et al (2011) conclude that the HPLC technique is robust, accurate and 
requires little sample preparation. The researchers compared this use of SYBR Green 1 
quantification with real time qPCR and argued that the process of isolating the viral DNA for qPCR 
may affect the results as this is dependent on the type of method used and the experience of the 
worker. However, HPLC quantification still requires optimisation for use. 
 
1.5.8  Dose-response bioassays 
Although not a direct quantitative method of virus particles, a dose-response bioassay can be used 
to investigate the biological activity of virus preparations of interest. This is a method of 
enumeration whereby the virulence, which is the degree of pathogenicity of a microorganism on its 
host, is measured (Onstad et al, 2006). The bioassay confirms the presence of active infectious virus 
particles. The LC50 and LC90, which are viral concentrations used to kill 50% and 90% of larvae in a 
sample are determined. Bioassays can also be used to test the effect of additives in commercial 
preparations (Moore et al, 2011). Bioassays have been conducted on CrleGV-SA (Moore et al, 
2011; Goble, 2007). Commercial producers, including River Bioscience make regular use of this 
technique to verify counts obtained using dark field microscopy (S. Moore, personal 
communication). 
 
.  
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OBJECTIVES OF THE STUDY 
 
● Develop alternative methods of enumeration of CrleGV-SA using a standardised purified viral 
preparation. The methods investigated are dark field microscopy (the current method), 
spectrophotometry, scanning electron microscopy (SEM) and real time quantitative polymerase 
chain reaction (qPCR). 
 
● Compare the new methods of enumeration with the current method, dark-field microscopy, to 
verify its accuracy and determine the most consistent and comparable methods. 
 
● Quantify purified, crude/semi-purified and viral formulated suspensions using the different 
methods of enumeration to determine whether the methods can be used on different types of virus 
preparations, and determine how much virus is lost, if any, during the purification process. 
 
● Study the morphology of CrleGV-SA using electron microscopy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
26 
 
CHAPTER 2.  MATERIALS AND METHODS 
 
2.1  Production of purified CrleGV-SA stock 
Before insect viruses can be used as biocontrol agents for insect populations, a full study of their 
taxonomy and biology is required. The South African isolate of Cryptophlebia leucotreta 
granulovirus (CrleGV-SA) has been characterised in previous studies (Goble, 2007; Moore, 2002; 
Singh, 2001), in which the virus was purified from infected false codling moth (FCM) larvae by 
separation using ultracentrifugation and a glycerol gradient. Viral DNA was extracted from the 
purified virus by the CTAB method (Goble, 2007; Aspinall et al, 2002). 
 
FCM larval cadavers infected with a known pure isolate of CrleGV-SA were provided by S. Moore 
(CRI) and held at -20ºC, for use as a standard reference sample throughout this project.  
 
A purified CrleGV-SA stock was prepared using a methodology according to Jehle et al (1992) with 
modifications by Moore (2002). A total of 4 g virus-infected larval cadavers was homogenised in    
4 ml 0.1% (0.1 g/100 ml) sodium dodecyl sulphate (SDS) using a mortar and pestle. The 
homogenate was made up to 10 ml with distilled water and filtered through double layered mira 
cloth. The filtered homogenate was then divided equally between two 50 ml JA20-108 centrifuge 
tubes and spun at 10000 rpm for 30 minutes in a Sigma 3K30 benchtop rotor, and the resultant 
pellets resuspended in 6 ml 0.1% SDS. Two continuous 30-80% glycerol gradients were prepared in 
0.1% SDS in 38 ml SW28 rotor tubes and used to purify the viral occlusion bodies (OBs) from the 
suspension by ultracentrifugation at 15000 rpm in a SW28 rotor for 15 minutes, in an Optima 
Ultracentrifuge, Beckman L-70 rotor. The virus OB band was recovered from each tube and 
separately placed in two 45 ml tubes, and washed by filling the tubes with distilled water, then 
centrifuged for 14 minutes at 10000 rpm using the Sigma 3K30 benchtop rotor. The resultant pellets 
were resuspended in sterile distilled water and the washing process repeated twice. The combined 
pellets containing purified virus OBs were resuspended in 8 ml sterile distilled water and stored in 
500 µl aliquots at -20°C for later use as the standard purified viral stock. These aliquots were used 
to conduct enumeration studies using the different methods chosen for this study.  
 
2.2  Production of crude CrleGV-SA stock 
A crude viral stock was prepared following the purification protocol of Moore (2002), until the 
glycerol gradient step. 4 g of virus-infected larval cadavers was homogenised in 4 ml 0.1% SDS 
using a mortar and pestle. The homogenate was made up to 10 ml with distilled water and filtered 
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through double layered mira cloth. The filtered homogenate was then divided equally between two 
50 ml JA20-108 centrifuge tubes and spun at 10000 rpm for 30 minutes in a Sigma 3K30 centrifuge 
rotor, and the resultant pellets resuspended in 8 ml distilled water. The crude viral stock was then 
stored in 1 ml aliquots at 4°C for enumeration studies.  
 
2.3  Estimation of OBs using spectrophotometry 
The number of OBs in a purified virus sample can be estimated using a spectrophotometer. A 
diluted virus sample is prepared and absorbance read at 260 nm and 280 nm wavelengths, and the 
number of OBs per ml is calculated using a formula devised by Dr S Wormleaton, Horticulture 
Research International, UK (Singh, 2001). 
 
In this study, an adaptation of a protocol from Singh (2001) was used. Dilutions of 1/100, 1/200 and 
1/500 of the purified viral stock were prepared in 1 ml distilled water, and absorbance read at 260 
and 350 nm in triplicate in a quartz cuvette on a Spectronic GENESYSTM 5 spectrophotometer. The 
number of OBs was calculated using the formula below: 
Number of OBs per ml = Average (OD350 / (13 × dilution factor); OD260 / (31 × dilution factor)) 
× 3.83×1010, where 1 mg/ml = 3.83×1010 OBs/ml 
For each dilution, 20 replicates were analysed, and mean values of the OB concentration and 
standard deviation calculated. Furthermore, the OB concentration of the crude viral stock was 
determined using the same protocol. A total of 5 replicates were analysed to give a mean value of 
OBs/ml.  
 
2.4  Enumeration of OBs using dark field microscopy 
Dark field microscopy is currently used to determine the concentration of OBs in purified    
CrleGV-SA laboratory preparations, commercial extracts from infected FCM larvae or field 
samples. The method involves placing a small amount of diluted virus sample onto a counting 
chamber and viewing under a ×40 objective with dark field illumination using a light microscope. 
Only moving virus particles/OBs covering the 4 large squares located at each corner and 1 random 
large square in the middle of the chamber are counted in different planes of focus to count all the 
OBs at different depths of the chamber. The counts are then incorporated in a formula to determine 
the concentration of OBs per ml (Moore, 2002). A view of the arrangement of the squares in the 
counting chamber used in this study is shown in Appendix 1.  
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Following the method of Hunter-Fujita et al (1998) with some modifications, a set of 20 separate 
samples of the purified viral stock were each prepared and counted under dark field microscopy. 
The purified viral samples were diluted 1 in 20 in distilled water, followed by a 1 in 10 dilution in 
1% SDS, then sonicated for 1 minute at room temperature. The sonicated preparations were diluted 
1 in 5 in 0.1% SDS to give a final dilution of 1 in 1000. 5 µl of diluted OBs was placed on a 0.02 
mm depth Helber bacterial Thoma counting chamber (Hawksley, UK) using a ×40 objective and 
×10 eyepiece lenses, and the OBs were counted on 5 large squares, each divided into 16 small 
squares under dark field illumination. Each replicate sample was counted in triplicate and the mean 
count of OBs was used to determine the concentration of the OBs per ml in the sample, using the 
formula below:  
OBs/ml = (Dilution × Mean of OBs) ÷ (Number of small squares × 5×10-8), where Number of 
small squares is 80, and 5×10-8 is the volume of virus suspension covering each small square.  
To further investigate the accuracy and feasibility of the method, enumeration studies were done on 
the crude viral stock. 10 replicate samples were prepared and analysed using the same procedure as 
for the purified viral stock. The crude viral stock was made to a final dilution of 1 in 1250.  
 
2.5  Enumeration and morphological studies using electron microscopy 
2.5.1  Enumeration of CrleGV-SA OBs using scanning electron microscopy 
Quantification of the number of virus particles in a viral sample using scanning electron microscopy 
(SEM) depends on the ability to see the virus particles. Wagner et al (2008) state that counting of 
virus particles in an unknown sample can be done by analysing a specific volume (fraction) of the 
original sample, and correlating the number of virus particles counted in the fractional sample to the 
original sample. However, this method has limitations in determining particle concentrations as 
dilutions may not be accurate and distribution of particles in samples may not be uniform. Such 
uncertainties can be reduced by adding reference latex particles of uniform size from a standard 
solution of known concentration to the samples being investigated. The ratio of the virus particles to 
the reference beads or latex particles, taking into account any dilution factors, is then used to 
determine the concentration of virus particles in an unknown sample. This method was used for this 
study, and can be used on a series of dilutions and different virus preparations.  
 
Sample preparation for SEM involves a number of processing steps in order to obtain images which 
are free of artefacts. The sample must be conductive in order to prevent charging, because charging 
induces a static electric field on the sample which deflects secondary electrons, thus leading to 
charging artefacts in the image. A conductive material is used to coat the samples to prevent 
charging. Gold (Au) is the standard material used for coating as it is easy to produce a uniform 
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layer, it is inert and is stable under the electron beam. The optimal medium on to which the sample 
of interest is placed is dependent on the type of information required (Prof. M. Lee, personal 
communication).  
 
For counting to be statistically accurate, a uniform distribution of the virus particles on the support 
matrix should be obtained. Furthermore, for counting purposes, in order to generate a large sample 
area, the SEM is set at lower magnification to provide a large field of view. In this way, statistically 
valid numbers of virus particles per field are generated by counting fewer fields. In this study, for 
statistical analysis, 30 separate randomly placed fields (images) were used to count the OBs. For 
statistical purposes, 20-30 counts per image may be obtained either by sample dilution, or by 
decreasing the magnification at which the images are acquired for counting. Under such conditions, 
20-30 fields are counted to obtain confidence levels of 90-95% (Millipore Particle Monitoring 
Guide, 1998). 
 
Twenty separate samples of the purified viral stock were analysed. For each sample, the purified 
viral stock was diluted in distilled water (dilution was established as 1 in 50) and mixed with an 
equal volume of uniform sized (0.303 µm) polystyrene latex particles (Agar Scientific, UK) at an 
original concentration of 6.6×1010 particles per ml also pre-diluted in distilled water (dilution was 
established as 1 in 50). Before mixing, the OBs and latex particles were dispersed by sonication 
using the Transsonic TP690 sonicator (Elma®) for 1 minute and 3 minutes respectively. To 50 µl of 
the OB/latex particle mixture was added a further 40 µl distilled water and 10 µl of a trisiloxane 
silicone surfactant (Break-THRU® S240, Evonik Industries, SA), as a dispersant. Prior to addition 
to the OBs/latex particles mixture the dispersant was diluted 1 in 1000. The final dilution of the 
OBs and latex particles was 1 in 200. A 25 mm diameter Whatman cyclopore track-etched 
membrane filter, with a pore size of 0.2 µm (Whatman, USA) was precoated for an optimal 45 
seconds with gold using a sputter coater (Emitech K575X, UK) at a current of 10 mA. The 
membrane filter was placed on a sintered glass filter and then 100 µl of the OBs/latex particles 
mixture was placed onto the gold-coated membrane filter. The excess liquid was removed by 
vacuum filtration, and the membrane filter with the virus sample was air-dried for about 3 minutes. 
The membrane filter was cut into three equal pieces and each piece then glued on an individual 
aluminium stub using conductive silver paste. The membrane filters were then recoated with gold 
for an optimal 30 seconds and examined in a JEOL JSM-7001F field emission SEM (JOEL, Japan). 
The fields/images acquired on the membrane filters were viewed at an accelerating voltage of 5 kV 
using a small beam diameter. Each sample was represented by 3 replicates (3 equal pieces cut from 
one membrane filter). A total of 10 images were acquired from each membrane filter piece, and 
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therefore each sample was represented by 30 fields/images. All images obtained using SEM for 
counting were acquired at the same magnification, thus maintaining the same field area. The 
number of OBs counted was between 20-250 and the number of latex particles was between 10-160 
per image. The total number of OBs per membrane filter piece was correlated to the total number of 
latex particles to obtain the concentration of OBs per ml. Each sample was thus represented by 3 
replicate values which were then averaged to give a mean value for that sample. Counting of OBs 
and latex particles on the images was done manually by touch count using the analySIS® FIVE 
software (Olympus, Soft Imaging System GmbH, Germany). 
  
The 20 mean values of OBs/ml were averaged to give a final concentration of OBs/ml in the 
purified viral stock. The concentration of OBs/ml was determined using the formula:  
Number of OBs/ml = (Number of OBs ÷ Number of polystyrene latex particles) × 6.6×1010, 
where 6.6×1010 is the approximate concentration of polystyrene particles per ml. 
Further studies were done using 1 ml of the crude viral stock, Cryptogran® and Cryptex®, using 
the same protocol as for the purified viral stock. 10 replicate samples were analysed for each and 
the OBs/ml values determined. The crude viral stock and Cryptex® were made to an optimal final 
dilution of 1/400 and 1/200 respectively. To prepare Cryptogran® for counting, the biopesticide was 
washed three times with distilled water by centrifugation for 3 minutes at 13 400 g, suspended in 1 
ml 0.1% SDS and then added to an equal volume of latex particles which were diluted 1 in 100, in 
distilled water. The final dilution for Cryptogran® was 1 in 2. All preparations were done in 1.5 ml 
Eppendorf tubes. The final dilution of the polystyrene latex particles was maintained at 1/200, and 
the trisiloxane silicone surfactant was made to an optimal dilution of 1 in 500 prior addition to the 
OBs/latex particles mixture.  
 
2.5.2  Morphological studies on CrleGV-SA using electron microscopy 
Transmission electron microscopy (TEM) allows for the observation of small structures within 
cross sections of biological material. the study of features within a specimen that cannot be viewed 
using SEM. Rorhmann (1986) has studied the crystalline lattice of polyhedrin, the major structural 
protein in OBs produced by the NPVs using TEM. Morphological studies have also been done on 
CrleGV-SA by Moore (2002) using TEM to study the basic ultra-structure of the granulovirus. 
Therefore, TEM analysis reveals information on the structure of the nucleocapsids which are 
encapsulated in the OBs. 
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2.5.2.1  Investigation of the ultra-structure of CrleGV-SA using TEM 
Following a protocol of Wollf et al (2002) with modifications outlined below, the CrleGV-SA 
pellets of the purified viral stock were fixed in a modified Karnovsky fixative (2.5% glutaraldehyde, 
2% paraformaldehyde in 0.05 M, pH 7.2, phosphate buffer +0.001 M CaCl2) for 2 hours, post-fixed 
in 0.5% osmium tetroxide in distilled water for 1 hour and then post-stained with 0.5% aqueous 
uranyl acetate, dehydrated in acetone, and embedded in Spurr’s low viscosity embedding medium. 
Blocks were sectioned in a Leica Ultracut ultramicrotome (Leica, Germany), post-stained with 3% 
aqueous uranyl acetate and Reynold’s lead citrate. The sections were then examined in a JOEL 
JEM-2100 TEM (JOEL, Japan). The sizes of the OBs and the nucleocapsids, as observed in the 
TEM, were measured using a calibrated scale marker and the default measuring software. The 
micrographs were taken at an accelerating voltage of 80-200 kV at a low probe current to prevent 
damage of the specimen. Better contrast was obtained at 200 kV. 
 
2.5.2.2  Investigation of OB dissolution during the CTAB DNA extraction method 
Samples taken during the DNA extraction process (see section 2.6.1.1) were examined using TEM 
to determine at which stage the OBs were fully removed, leaving exposed virions. For each sample, 
2 µl of the solution collected after incubation of purified OBs in Na2CO3 (step one) and 2 µl of the 
solution collected after incubation in 10% SDS (10 g/100 ml) and 25 mg/ml proteinase K (step two) 
(refer to section 2.6.1.1) was dropped on a formvar-coated TEM grid. Then 2 µl of phosphotungstic 
acid (PTA) was placed onto the grid. Excess fluid was drawn off the sample after a few seconds 
using a filter paper to prevent positive staining artefacts. The samples were then allowed to air-dry 
for 1 hour in a desiccator. The grid was then examined in the JOEL JEM-2100 TEM.  
 
To prepare the samples for observation in the SEM, the solution collected in step two was 
centrifuged for 20 minutes and 100 µl of the solution was pipetted from the bottom of the 
Eppendorf tube and placed on a cyclopore track-etched membrane of pore size of 0.2 µm, precoated 
with gold using the Emitech K575X sputter coater for 45 seconds. This was allowed to air-dry for 
45 minutes at room temperature. The membrane filter with the sample was then placed on a stub, 
recoated with iridium for 20 seconds at a current of 50 mA and examined in the JEOL JSM-7001F 
FE-SEM. Coating and thickness was determined by shadow colour technique on membrane filter. 
Iridium coating for high resolution imaging in the SEM is preferred to gold coating. This is because 
the island growth of the gold metallic layer is resolved in the FEGSEM at high resolution and thus 
produces artefacts (Prof. M. Lee, personal communication). 
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2.6  Enumeration of OBs using real time quantitative PCR 
For any PCR, the components of the reaction mixture are the DNA of interest, two defined 
oligonucleotide primers (forward and reverse primers), dNTPs (deoxyribonucleotide triphosphates) 
which are to be incorporated into the newly synthesised DNA during the PCR run, Taq Polymerase 
(the enzyme involved in the synthesis of the PCR product) and an appropriate buffer. This buffer 
normally contains KCl, Tris-HCl, MgCl2 and Triton X-100 (Eeles and Stamps, 1993). For 
quantitative purposes in this study, a fluorescent dye SYBR Green which binds non-specifically to 
dsDNA was used to monitor the progress of amplification and quantify the PCR product.   
 
Table 5.  Information on the granulin gene used for real time qPCR analyses  
 
Accession 
number 
Gene Forward 
primer  
sequence  
Reverse primer  
sequence 
Final 
conc. 
Optimal 
annealing 
temperature 
Product 
size 
AY293731.1 Granulin 5’ATGGGATA
TAACAAATC
TTTGAGG3’ 
5’TTAATAGGC
TGGACCGGT
GAATAGG 3’ 
500 nM      59ºC 690 bp 
Forward and reverse primers to amplify the single copy granulin gene were provided by C. Knox 
(Rhodes University). The analyses were based on qPCR studies done by Goble, (2007). 
 
2.6.1  Isolation of DNA from purified CrleGV-SA stock 
In order to perform characterisation of virus genes, an amount of genomic DNA has to be extracted 
from the host. The current method used to isolate DNA from samples containing CrleGV-SA is the 
CTAB (hexadecyl trimethyl ammonium bromide) method in which CTAB is used in place of phenol 
to remove proteins from nucleic acids (Goble, 2007).  
 
2.6.1.1  Extraction of viral DNA using the CTAB method 
Following the method of Singh (2001) and modified by Goble (2007), 200 µl of the purified viral 
stock was used during each DNA extraction. 80 µl 1 M Na2CO3 (Saarchem uniLAB®) was added to 
the virus sample to dissolve the OBs encapsulating the virions and incubated at 37ºC for 30 
minutes. This was followed by neutralising the mixture by addition of 120 µl 1 M Tris-HCl buffer 
(pH 6.8), and 75 µl 20 mg/ml (60 µl 25 mg/ml) proteinase K (Inqaba Biotech, SA) was added along 
with 90 µl of 10% SDS (Sigma-Aldrich) in double distilled water. The mixture was incubated at 
56ºC for 1 hour to degrade the remaining OB protein. The sample was centrifuged at 13400 g for 3 
minutes in an Eppendorf microfuge. The supernatant was transferred to a sterile 1.5 ml microcapped 
tube and 500 µl CTAB buffer (100 mM Tris-HCl (pH 8.0), 1.4 M NaCl, 20 mM EDTA, and 2% 
CTAB (Merck, Germany) added. The sample was incubated at 70ºC for 1 hour. 500 µl ice-cold 
ultra-pure chloroform (Merck, Germany) was added, mixed briefly and centrifuged for 10 minutes 
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at 10000 g in the Eppendorf microfuge to separate the DNA solution from the protein. The upper 
aqueous layer containing the DNA was transferred to a new sterile 1.5 ml microcapped tube, 400 µl 
ice-cold isopropanol was added and the sample stored overnight at -20ºC. The sample was 
centrifuged for 30 minutes at 13400 g in an Eppendorf microfuge. The supernatant was discarded 
and the pellet containing the DNA was resuspended in 1 ml ice-cold 70% ethanol and vortexed 
briefly. The sample was centrifuged at 13400 g for 5-10 minutes or until a pellet was visible in the 
Eppendorf microfuge and the ethanol supernatant poured off. The DNA pellet was air-dried for 10 
minutes by heating at 50ºC to remove all ethanol and resuspended in 50 µl RNase-, DNAase-free 
ultra-pure water (Ambion, USA) and stored at -20ºC until required.  
 
2.6.1.2  Investigation of isolation of DNA using viral DNA extraction kits 
The aim of using commercial viral DNA extraction kits is to use a standardised rapid method for 
DNA extraction and purification, and to avoid using hazardous reagents.  The kits use pre-prepared 
spin columns to extract and elute DNA from viral preparations.  
 
The two kits used in the study were the ZR Viral DNA kit™ and the ZR Insect/Tissue DNA kit-5™ 
(Zymo Research, USA).  The ZR Viral DNA kit™ uses a single extraction buffer to lyse the viruses 
and to enable adsorption of the viral DNA onto the matrix of a Zymo-Spin IC™ column (Zymo 
Research, USA). The ZR Insect/Tissue DNA kit-5™ uses ultra-high density BashingBeads™ to aid 
in disruption of the insect tissue and virus OBs in Lysis Solution (Zymo Research, USA), prior to 
application onto the Zymo-Spin™ IV Spin Filter, followed by further lysis in Genomic Lysis Buffer 
(Zymo Research, USA) and adsorption onto a Zymo-Spin IC™ column.    
 
DNA was extracted from 200 µl of the purified viral stock for each extraction, following the 
manufacturer’s instructions. In order to increase the yield, isolation of DNA using each kit was also 
combined with the early steps of the CTAB method up to and including incubation of purified OBs 
with SDS and proteinase K.  
 
2.6.1.3  DNA quantification 
To determine the concentration of DNA extracted using the CTAB method and the DNA viral kits, a 
Qubit fluorometer (Invitrogen, USA) was used. Following the manufacturer’s instructions, all DNA 
samples were prepared in 0.5 ml PCR tubes.  3 µl of the DNA was added to 197 µl working solution 
(Quant-IT dsDNA BR reagent diluted 1:200 in Quant-IT dsDNA BR buffer) (Invitrogen, USA), 
mixed briefly and then inserted into the Qubit fluorometer for quantification. The Qubit fluorometer 
was calibrated with two Quant-IT standards (10 µl of each added to 190 µl working solution) prior 
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to quantifying the DNA to give a final concentration in µg/ml. 
 
2.6.2  Restriction enzyme digestion analyses 
Extensive studies have been done on CrleGV DNA using restriction enzyme digestion and agarose 
gel electrophoresis to identify the size of DNA fragments produced and the patterns of the 
digestions (Goble, 2007; Singh, 2001). This technique is used to separate, identify and purify DNA 
fragments. The protocol according to Goble, (2007) was modified to identify the CrleGV-SA DNA 
and was confirmed by single restriction enzyme digestions using HindIII and EcoR1 (Fermentas, 
USA). The resultant restriction enzyme patterns were compared to those published by Goble (2007) 
for a confirmed isolate of CrleGV-SA. 
 
A 20 µl final volume reaction mixture consisting of 7 µl distilled water, 2 µl 10× enzyme buffer, 10 
µl ~30 µg/ml DNA, 1 µl (10 units/µl) restriction enzyme was incubated for 3 hours (HindIII) or 1 
hour (EcoR1) at 37ºC. 5 µl gel loading dye was added to the reaction mixture and 20 µl was loaded 
onto a 1% agarose gel containing 12 µl 10 mg/ml ethidium bromide and electrophoresed along with 
a 1 Kb DNA ladder (Fermentas, USA) in 1× TAE running buffer (4.84 g Tris-base, 1.5 ml glacial 
acetic acid, 2 ml 0.5 M EDTA, made up to 1 L with distilled water) at 50 volts for 6 hours. The 
DNA bands were visualised under UV light and images taken using the AlphalmagerTM 3400 
(Alpha Innotech) gel-doc system.  
 
2.6.3  Real time quantitative PCR analyses 
For PCR analyses, the granulin gene was amplified using primers designed based on the gene 
sequence from Singh et al (2003) and Lange and Jehle, (2003). The PCR product is approximately 
690 bp (Goble, 2007) (refer to Table 5). The granulin gene is highly conserved within GVs and 
codes for the structural protein granulin which accounts for about 95% of the protein content of the 
OB that encapsulates the virion. (Parola et al, 2003). 
 
Real time quantitiative PCR (qPCR) is extensively used in commercial, research and academic 
laboratories to determine the virus concentration in a sample of interest. The quantification of 
samples depends on a standard curve produced from serial dilutions of a standard sample of known 
concentration, and these standard dilutions are analysed in parallel with known samples to verify 
the accuracy of the standard curve (Ginzinger, 2002). The standard curve is then used to determine 
the concentration or quantity (copy number) in unknown samples by interpolation, that is, reading 
from the values that lie within the standard curve.  
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A standard curve was developed using 10-fold dilutions of DNA of known concentration from the 
purified viral DNA, and then used to accurately determine the DNA concentration in “unknown 
samples” of interest. Before the standard curve was produced, the concentration of CrleGV-SA 
DNA for amplification of the granulin gene and the annealing temperature for amplification of the 
granulin gene using forward and reverse primers (see section 2.6, Table 5) were optimised. This 
was done to validate the standard curve method for quantifying virus particles using qPCR in 
which, SYBR Green 1 dye was used to detect the amount of DNA template being amplified during 
the PCR reactions.  
 
qPCR was performed on an iCycler Real-Time PCR Detection System (BioRad, USA) using      
Bio-Rad iQ SYBR Green Supermix (BioRad, USA) and primers for the CrleGV granulin gene 
(provided by C. Knox, Rhodes University). 
 
Table 6.  Initial real time qPCR conditions 
 
Gene Cycle No. Denaturation  
(temperature and 
time) 
Annealing 
(temperature and 
time) 
Extension 
(temperature and 
time) 
 Granulin  40 95ºC, 30 seconds 54ºC, 30 seconds 72ºC, 30 seconds 
 
A 20 µl reaction mixture was prepared containing dilutions of viral DNA in 10 µl 2× iQ SYBR 
Green Supermix [100 mM KCl, 40 mM Tris-HCl (pH 8.4), 0.4 mM of each dNTP (dATP, dCTP, 
dGTP, dTTP), 50 units/ml hot start iTaq DNA polymerase, 6 mM MgCl2, SYBR Green 1, 20 nM 
fluorescein and stabilisers] (BioRad, USA), 1 µl 10 µM forward primer (500 nM final 
concentration), 1 µl 10 µM reverse primer (500 nM final concentration) and qPCR grade water to 
dilute to 20 µl. The iTaq was activated by 15 minute incubation at 95ºC, and the DNA was 
amplified in an iCycler Real-Time PCR Detection System for 40 cycles as shown in Table 6. In the 
initial experiments, an annealing temperature of 54ºC was used (see Table 6), as indicated by C. 
Knox Rhodes University. The PCR product, as quantified by fluorescence of SYBR Green 1 bound 
to dsDNA, was detected in each cycle during the 72ºC extension periods. After completion of PCR 
amplification, the PCR product was analysed by melt curve analysis, in which the product was 
taken to 2ºC below the annealing temperature and raised 1ºC at a time for 30 seconds, up to 95ºC. 
Both PCR and melt curve analyses were performed using the iCycler software. All samples 
prepared for PCR were run in duplicate.  
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2.6.4  Optimisation of CrleGV-SA DNA concentration for amplification of granulin gene 
To determine the optimal starting concentration for the standard curve for quantification of  
CrleGV-SA, qPCR amplification of CrleGV-SA DNA was performed using dilutions of 1/12, 1/15, 
1/20, 1/120, 1/1200 and 1/12000 of the original viral DNA stock, which was at a concentration of 
30 μg/ml. 
  
2.6.5  Optimisation of annealing temperature for amplification of granulin gene  
A temperature gradient was performed from 50ºC to 60ºC to identify the optimal annealing 
temperature for amplification of the granulin gene using the forward and reverse primers as shown 
in Table 5. The viral DNA stock which had a concentration of 30 µg/ml, was diluted 1 in 10 and 
added to the PCR reaction mixture to give a final concentration of 0.0003 µg/µl (Table 7). 
 
Table 7.  Reaction set up for temperature gradient optimisation during qPCR analyses 
 
Component Volume per reaction  Final concentration 
iQ SYBR Green Supermix 
Forward Primer 
Reverse Primer 
qPCR grade water 
DNA template 
10 µl 
  1 µl 
  1 µl 
  6 µl 
  2 µl 
1X 
500 nM 
500 nM 
 
0.0003 µg/µl 
Total Volume                         20 µl  
   
 
2.6.6  Optimisation of qPCR standard curve for quantitative studies 
A 10-fold serial dilution of the viral DNA stock (30 µg/ml) was prepared to give a final 
concentration range from 0.25 ng/µl to 0.0025 pg/µl, as shown in Table 8. The standard curve was 
then used to accurately determine the concentration of OBs per ml in “unknown” viral DNA 
samples. The DNA was extracted and quantified from the purified CrleGV-SA stock, of which the 
OBs/ml value was determined by dark field microscopy and SEM. Dilutions of the purified viral 
DNA, DNA extracted from the crude viral stock, fresh DNA prepared from the purified viral stock 
and DNA extracted from a diluted virus preparation were prepared for qPCR assays as shown in 
Table 9.  
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Table 8.  Concentrations of CrleGV-SA DNA used to generate the qPCR standard curve 
 
Serial dilutions  Final concentration in 20 µl PCR reaction 
1/12 0.25 ng/µl 
1/120 0.025 ng/µl 
1/1200 0.0025 ng/µl 
1/12000 0.00025 ng/µl 
1/120000 0.025 pg/µl 
1/1200000 0.0025 pg/µl 
Six 10-fold serial dilutions were prepared from viral DNA stock with a concentration of 30 µg/ml. 
 
Table 9.  List of unknown samples prepared for analysis using the qPCR standard curve 
 
Unknown samples Dilutions 
DNA extracted from purified CrleGV-SA stock 1/1000 
DNA extracted from purified CrleGV-SA stock 1/2500 
DNA extracted from crude CrleGV-SA stock 1/1000 
DNA extracted from purified CrleGV-SA stock* 1/50 
DNA extracted from CrleGV-SA sample diluted 1/5 1/10 
* A fresh DNA sample was extracted from the purified viral stock. 
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CHAPTER 3.  RESULTS 
 
3.1  Enumeration studies using spectrophotometry  
For spectrophotometric analysis, dilutions of 1/100, 1/200 and 1/500 were prepared from purified 
CrleGV-SA stock. Twenty replicate samples were analysed in triplicate for each dilution, and the 
optical density (OD) read at wavelengths 260 nm and 350 nm, then averaged to give one value for 
each replicate sample. The ODs were then used to calculate the concentration of the purified viral 
stock in OBs/ml. Table 10 shows the OD readings and values of OB concentration obtained for each 
dilution, with mean values of 2.066×1011 ± 0.131×1011 OBs/ml, 2.447×1011± 0.223×1011 OBs/ml 
and 3.215×1011 ± 0.506×1011 OBs/ml for the 1/100, 1/200 and 1/500 dilutions respectively. The 
values were statistically compared as shown in Figure 6, also indicating the standard deviation 
values for each dilution. Each dilution gave significantly different values from the others (p < 0.05), 
indicating variability in the assays, particularly with the 1/500 dilution. The results indicated that 
the 1/100 dilution gave the lowest standard deviation which indicates less variation in the values. 
These values were then compared to the values obtained using the other enumeration methods 
which are dark field microscopy and SEM.  
 
Furthermore, ODs were read from 5 replicate samples prepared using crude CrleGV-SA stock and 
the values were compared to those obtained for the purified CrleGV-SA stock. The values from the 
crude viral stock were also compared to those obtained using dark field microscopy and SEM. This 
was done to investigate the difference between the values obtained of OBs/ml using 
spectrophotometry to the values obtained using dark field microscopy and SEM. Dilutions of 1/100, 
1/500 and 1/1000 were prepared from the crude viral stock to determine the optimal dilution. Table 
11 shows the OD readings and OB concentration mean values. Table 12 shows the mean values and 
standard deviation, indicating that the 1/100 dilution mean values produced the lowest standard 
deviation. These results were then compared to the values obtained using the other enumeration 
methods. The mean values obtained for the 1/100 were 4.034×1011 ± 0.051×1011 OBs/ml. The mean 
values obtained from the crude viral stock were found to be twice (1.95 times) as high as those 
obtained for the purified viral stock, although the enumeration values obtained for the crude viral 
stock had a lower variance than those obtained for the purified viral stock. Spectrophotometric 
analysis of the crude viral stock gave falsely high enumeration values due to the contaminating 
material and therefore was not investigated further.  
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Table 10.  Spectrophotometric results obtained for purified CrleGV-SA stock 
Dilution Replicate sample OD at 260 nm OD at 350 nm OBs/ml 
1/100 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
Mean 
 
1.329
1.342
1.278
1.332
1.399
1.423
1.435
1.419
1.392
1.482
1.555
1.548
1.576
1.492
1.505
1.506
1.484
1.467
1.475
1.485
     1.444 
0.687 
0.622 
0.731 
0.777 
0.777 
0.768 
0.764 
0.793 
0.803 
0.838 
0.807 
0.824 
0.841 
0.835 
0.849 
0.844 
0.833 
0.841 
0.841 
0.852 
    0.796 
1.833E+11 
1.745E+11 
1.866E+11 
1.967E+11 
2.009E+11 
2.010E+11 
2.012E+11 
2.045E+11 
2.043E+11 
2.150E+11 
2.149E+11 
2.170E+11 
2.212E+11 
2.152E+11 
2.180E+11 
2.174E+11 
2.144E+11 
2.145E+11 
2.150E+11 
2.172E+11 
2.066E+11 
 
1/200 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
 Mean 
 
   0.839
   0.921
   0.581
   0.785
  0.820 
  0.790 
  0.791 
  0.820 
  0.833 
  0.874 
  0.919 
  0.912 
  0.929 
  0.874 
  0.878 
  0.889 
 0.886 
 0.867 
 0.886 
 0.881 
 0.847 
 
0.408 
0.572 
0.469 
0.423 
0.394 
0.377 
0.377 
0.453 
0.471 
0.512 
0.468 
0.482 
0.51 
0.496 
0.487 
0.536 
0.505 
0.504 
0.517 
0.529 
   0.475 
2.239E+11 
2.823E+11 
2.100E+11 
2.216E+11 
2.174E+11 
2.087E+11 
2.088E+11 
2.348E+11 
2.417E+11 
2.588E+11 
2.514E+11 
2.547E+11 
2.650E+11 
2.541E+11 
2.520E+11 
2.677E+11 
2.582E+11 
2.556E+11 
2.618E+11 
2.647E+11 
  2.447E+11 
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1/500 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
Mean 
 
0.320 
0.357 
0.403 
0.368 
0.409
0.390 
0.423 
0.396 
0.412 
0.466 
0.448 
0.431 
0.495 
0.457 
0.451 
0.462 
0.420
0.439 
0.461 
0.460 
   0.423 
0.145
0.202
0.226
0.206
0.207
0.198
0.232
0.242
0.259
0.305
0.249
0.248
0.333
0.303
0.293
0.319
0.292
0.286
0.325
0.310
     0.259 
2.056E+11 
2.590E+11 
2.909E+11 
2.654E+11 
2.788E+11 
2.663E+11 
3.015E+11 
3.006E+11 
3.180E+11 
3.686E+11 
3.218E+11 
3.158E+11 
3.982E+11 
3.643E+11 
3.551E+11 
3.777E+11 
3.448E+11 
3.462E+11 
3.818E+11 
3.704E+11 
  3.215E+11 
Data obtained from 20 replicate samples of dilutions (1/100, 1/200, 1/500) of purified CrleGV-SA 
stock during enumeration studies using spectrophotometry. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
41 
 
            A 
             
           B 
Dilution of purified 
CrleGV-SA stock 
Mean OBs/ml Standard 
deviation 
1/100 2.066E+11 0.131E+11 
1/200 2.447E+11 0.223E+11 
1/500 3.215E+11 0.506E+11 
           C 
Dilutions of 
viral stock 
1/100 and 1/200 
Dilutions of viral 
stock 1/100 and 
1/500 
Dilutions of viral 
stock 1/200 and 
1/500 
p  =  0.00165 0.000119 0.000118 
 
Figure 6. Plot of the enumeration results obtained for purified CrleGV-SA stock using 
spectrophotometry. Dilutions of 1/100, 1/200 and 1/500 for the purified viral stock were prepared 
and analysed. A) Box and whisker plot of the OBs/ml mean values, mean ± SE (standard errors) 
and 1.96 SE which is the 95% confidence interval; indicating the 1/100 dilution to have the least 
varying values. B) Mean values and the standard deviation values obtained. C) The p values 
obtained from the pair-wise comparison of the three dilutions of purified viral stock are shown.       
p < 0.05 is significant. 
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Table 11.  Spectrophotometric results obtained for crude CrleGV-SA stock 
 
Dilution Replicate sample OD at 260 nm OD at 350 nm OBs/ml  
1/100 1 
2 
3 
4 
5 
Mean  
2.590 
2.560 
2.580 
2.530 
2.530 
2.558 
1.684 
1.673 
1.690 
1.644 
1.638 
1.666 
4.081E+11 
4.046E+11 
4.083E+11 
3.984E+11 
3.976E+11 
4.034E+11 
1/500 1 
2 
3 
4 
5 
Mean  
0.753 
0.737 
0.763 
0.747 
0.749 
0.7498 
0.382 
0.367 
0.383 
0.372 
0.370 
0.3748 
5.139E+11 
4.979E+11 
5.178E+11 
5.047E+11 
5.039E+11 
5.076E+11 
1/1000 1 
2 
3 
4 
5 
Mean  
0.398 
0.383 
0.393 
0.376 
0.390 
0.388 
0.201 
0.193 
0.199 
0.189 
0.198 
0.196 
5.420E+11 
5.209E+11 
5.359E+11 
5.107E+11 
5.326E+11 
5.284E+11 
Data obtained from 5 replicate samples of dilutions (1/100, 1/500, 1/1000) of crude CrleGV-SA 
stock during enumeration studies using spectrophotometry. 
 
 
Table 12.  Spectrophotometric mean values obtained for crude CrleGV-SA stock 
 
Dilutions Mean of OBs/ml Standard deviation 
1/100 4.034E+11 0.051E+11 
1/500 5.076E+11 0.080E+11 
1/1000 5.284E+11 0.125E+11 
Mean values and standard deviations obtained from 5 replicate samples of dilutions (1/100, 1/500, 
1/1000) of crude CrleGV-SA stock.  
 
3.2  Enumeration studies using dark field microscopy 
Before an optimal dilution was obtained, the purified CrleGV-SA viral stock was first diluted 1 in 
500 and the number of OBs per ml was determined by dark field microscopy. However, it was 
difficult to count the OBs due to their high density. Therefore, the sample was further diluted to a 
final dilution of 1 in 1000. This dilution gave an average of 6-10 OBs per small square of the 
Thoma counting chamber as observed under the light microscope. Grzywacz et al, (2002) state that 
a count of at least 300 OBs per sample should be obtained for optimum accuracy, and if there are 
more than 10 OBs counted in most of the small squares, a further dilution of the sample is  required. 
Hunter-Fujita et al (1998) state that an average of 7 OBs per small square should be obtained for an 
ideal concentration. The 1 in 1000 dilution was found to be optimal. Twenty replicate samples, each 
done in triplicate, gave mean OB counts ranging 450-580. These counts were then used to 
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determine the OB concentration of the purified viral stock, which was 1.281×1011 ± 0.060×1011 
OBs/ml, showing that values obtained from dark field microscopy were more accurate than the 
spectrophotometric values because the standard deviation was lower than that obtained for the 
spectrophotometric values. Table 13 shows the OB counts and OB concentrations per ml obtained 
from the optimal 1/1000 dilution which were compared to those obtained using spectrophotometry 
and SEM. Furthermore, 10 replicate samples were analysed from the crude viral stock for which a 
1/1250 dilution was optimal and the data is shown in Table 14. The mean and standard deviation 
values; 1.551×1011 ± 0.323×1011 OBs/ml, indicated that the crude viral stock values were higher 
than those of the purified viral stock with an increase of 1.2 times. The lower value obtained for the 
purified viral stock could be due to loss of OBs in the purification process or, the higher value 
obtained for the crude viral stock could be due to contamination, and thus the presence of the 
contaminants (insect debris, dietary ingredients and bacterial particles) made it difficult to 
distinguish the OBs under the light microscope during counting. Moreover, more variation in the 
values obtained for the crude viral stock was observed as the standard deviation obtained was 
higher than that obtained for the purified viral stock. 
 
Table 13.  Dark field microscopy results obtained for purified CrleGV-SA stock 
 
Replicate sample  OB mean counts OBs/ml 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
 
500 
498 
515 
487 
489 
526 
534 
523 
573 
502 
520 
504 
542 
544 
490 
494 
469 
515 
520 
500 
 
1.250E+11 
1.245E+11
1.288E+11
1.218E+11
1.223E+11
1.315E+11
1.335E+11
1.308E+11
1.433E+11
1.255E+11
1.300E+11
1.260E+11
1.355E+11
1.360E+11
1.225E+11
1.235E+11
1.173E+11
1.288E+11
1.300E+11
1.250E+11
Mean value of OBs/ml = 1.281E+11 
Standard deviation =  0.060E+11 
Data obtained from 20 replicate (each replicate had 3 counts) samples of purified CrleGV-SA stock 
made to a final dilution of 1/1000 during enumeration studies using dark field microscopy. 
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Table 14.  Dark field microscopy results obtained for crude CrleGV-SA stock 
Replicate sample  OB mean counts OBs/ml 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
 568 
 623 
 541 
 314 
 422 
 487 
 657 
 472 
 417 
 462 
 
1.775E+11
1.947E+11
1.691E+11
9.813E+10
1.319E+11
1.522E+11
2.053E+11
1.475E+11
1.303E+11
1.444E+11
Mean value of OBs/ml =  1.551E+11 
Standard deviation =   0.323E+11 
Data obtained from 10 replicate (each replicate had 3 counts) samples of crude CrleGV-SA stock 
made to a final dilution of 1/1250 during enumeration studies. 
 
 
3.3  Enumeration studies using scanning electron microscopy 
Although EM has been extensively used to analyse the morphology of insect viruses (Takatsuka, 
2007; Martins et al, 2005; Tanada and Hess, 1991), to date, SEM has not been used as a technique 
for the enumeration of baculoviruses. The resolution of the FE-SEM is better than 2 nm, and 
therefore CrleGV-SA was easy to detect because GVs have dimensions ranging 300-500 nm in 
length. It was also possible to distinguish between GV OBs and other impurity particles. 
 
3.3.1  Development and investigation of SEM as an enumeration technique 
3.3.1.1  Optimisation of conditions for preparing CrleGV-SA samples for SEM 
Glass slides or cover slips were the support matrix previously used to study the morphology of 
baculoviruses (Wolff et al, 2002; Torquato et al, 2006). In the first preparations analysed, purified 
CrleGV-SA stock was diluted 1 in 100 in 0.1% (0.1 g/100 ml) SDS, sonicated for 1 minute and 
placed on a 10 mm glass slide and air-dried in a closed container for 45 minutes. The glass slide 
was then mounted onto aluminium stubs and coated with gold for 30 seconds, and observed in the 
SEM. Although the CrleGV-SA OBs could be visualised in the images acquired, the glass slide 
produced extensive charging artefacts and the rough surface made it difficult to count the OBs from 
the images due to the irregularities on the glass slide, as shown in Figure 7A. Coating the sample 
for an additional 45 seconds did not reduce the charging. Even though a glass slide may be used to 
visualise GVs at higher magnification (Figure 7B), this support medium is not ideal for visualising 
GVs at lower magnification for counting purposes (Figure 7A). Therefore, membrane filters of pore 
size 0.2 µm were used to replace the glass slides. The cyclopore polycarbonated track-etched 
membrane filters have a smooth surface and hence provide a more uniform background and are also 
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less prone to charging effects. To further minimise charging, the membrane filters were pre-coated 
with gold for an optimal 45 seconds prior to addition of samples and then recoated with gold for an 
optimal 30 seconds. The smaller pore size (0.2 µm) of the membrane filter ensured that the virus 
particles (~0.5 µm) were maintained above the membrane surface, thus making visualisation of the 
OBs for counting more accurate, as shown in Figure 8. The images acquired for counting purposes 
were set in such a way as to obtain a good image contrast between the OBs/latex particles and the 
support matrix to distinguish the particles from the background. 
 
3.3.1.2  Optimisation of concentration and dispersion of OBs and latex particles 
Sodium dodecyl sulphate (SDS) is commonly used as a dispersant and diluent during the 
preparation of samples for counting using the light microscope. Therefore, the purified viral stock 
was first diluted using 0.1% (0.1 g/100 ml) SDS to a final virus dilution of 1/200 and sonicated for 
1 minute prior to placing on the support matrix. This sample preparation produced residues which 
made it difficult to visualise the OBs (Figure 9). In addition, the reference polystyrene latex 
particles are also suspended in SDS, and further dilution of the particles using SDS to investigate 
the optimal dilution for counting resulted in an unacceptably high concentration of SDS, producing 
residues that made it difficult to see the latex particles (Figure 10).  Therefore, distilled water was 
used as the optimal diluent for both OBs and latex particles. However, a uniform distribution could 
not be obtained by sonication and dilution of samples in distilled water. Figure 11 shows the non-
uniform distribution obtained of latex particles diluted with distilled water. Addition of the 
trisiloxane silicone surfactant (diluted 1/1000 in distilled water), used as a dispersant, to the 
samples, successfully produced the required uniform distribution of both OBs and latex particles, as 
shown in Figure 12. Furthermore, to obtain a more uniform distribution of the OBs/latex particles 
mixture over the support matrix, the membrane filter was placed onto a sintered glass filter prior to 
application of the sample suspension. Excess water within the suspension was removed by 
application of a vacuum. This reduced the amount of time required to dry the sample and decreased 
the aggregation of OBs and latex particles.  
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A 
 
B 
 
Figure 7.  Scanning electron micrographs showing purified CrleGV-SA OBs on a glass slide.  
A) Purified OBs diluted 1 in 100 with 0.1% SD. The arrow shows a hidden OB. B) Purified OBs 
diluted 1 in 100 with 0.1% SDS observed at a higher magnification. Scale bar = 1 µm 
 
 
A hidden OB 
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Figure 8.  Scanning electron micrograph showing purified CrleGV-SA OBs on a membrane filter. 
The purified viral stock was diluted 1/100 in distilled water in the presence of a dispersant.  
Scale bar = 1 µm 
 
 
Figure 9.  Scanning electron micrograph showing purified CrleGV-SA OBs diluted in SDS. The 
purified viral stock was diluted 1/200 in 0.1% SDS, placed on a membrane filter. The presence of 
SDS prevented generation of a clear image. Scale bar = 1 µm 
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A 
 
B 
 
Figure 10.  Scanning electron micrographs showing polystyrene latex particles diluted in 0.1% 
SDS. High concentration of SDS produced residues that made it difficult to visualise the latex 
particles for counting. A) This field view shows that in some areas of the membrane filter, the latex 
particles could not be seen. B) A field view where latex particles could be identified.  
Scale bar = 1 µm 
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Figure 11.  Scanning electron micrograph showing polystyrene latex particles diluted in distilled 
water. Polysterene latex particles diluted 1/400 with distilled water in the absence of a dispersant, 
showing aggregation of latex particles and a non-uniform distribution across the field of view.  
Scale bar = 1 µm  
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A 
 
B 
 
Figure 12.  Scanning electron micrographs showing purified CrleGV-SA OBs mixed with 
polystyrene latex particles. OBs and latex particles were both made to a final dilution of 1/200 in 
the presence of a dispersant. A) A field view acquired at a lower magnification (Scale bar = 1 µm). 
B) A field view acquired at a higher magnification (Scale bar = 100 nm). An OB (a), latex particle 
(b) and a pore within the mounting membrane filter are indicated in arrows, showing a uniform 
distribution of both particle types across each field of view.  
 
 
a
b
  b 
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pore 
pore
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To determine the concentration of OBs per ml, the number of OBs was correlated with the number 
of uniform sized (0.303 µm) latex particles from a standard reference material of known 
concentration. The purified viral stock and the latex particles were made to a final dilution of 1/200. 
The ratio of OBs to the latex particles, taking into account any dilution factors, was then used to 
determine the concentration of OBs per ml in unknown samples. 
 
Twenty separate replicate samples of the purified CrleGV-SA stock were analysed to investigate the 
accuracy and feasibility of the technique. Each replicate sample was represented by 30 fields 
(images). To obtain a reasonable count of OBs (20-200) per field, the sample was made to an 
optimal final dilution of 1/200 in distilled water. The counts obtained for the OBs ranged between 
20-250 and those obtained for the latex particles ranged 6-160 per field. Table 15 shows an example 
of all 30 counts and values of OB concentration obtained from a sample replicate, and Table 16 
shows the mean values obtained from the 20 replicate samples prepared from the purified viral 
stock for enumeration studies using SEM. The mean value and standard deviation of the results 
obtained from the enumeration studies done on the 20 replicates were found to be 1.360×1011 ± 
0.264×1011 OBs/ml. These values were compared to those obtained using spectrophotometry and 
dark field microscopy. Furthermore, 10 replicate samples of the crude viral stock, made to an 
optimal final dilution of 1/400, were analysed and the mean value and standard deviation were 
found to be 2.542×1011 ± 1.244×1011 OBs/ml. Figure 13 shows an image of the OBs from the crude 
viral stock mixed with latex particles. The mean values obtained from the crude viral stock were 
higher than those obtained for the purified viral stock by a factor of 1.9. This finding indicates that 
there are some OBs lost during the purification process since the high resolution of the SEM 
allowed one to distinguish the OBs in the crude viral stock preparations during counting. Table 17 
shows the enumeration results obtained from the crude viral stock.     
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Figure 13.  Scanning electron micrograph showing CrleGV-SA OBs from the crude viral stock 
mixed with polystyrene latex particles. The crude viral stock and latex particles were made to a 
final dilution of 1/400 and 1/200 respectively in dispersant. The arrows indicate contaminating 
material observed during counting using SEM. Scale bar = 1 µm 
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Table 15.  SEM results for a sample replicate of purified CrleGV-SA stock 
Sample  Replicate Number 
of field 
OBs per 
field 
Latex 
particles per 
field 
Total 
of 
OBs 
Total of 
latex 
particles 
OBs/ml 
3 A 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
 
   52 
   51 
   52 
   44 
   65 
   54 
   49 
   69 
   59 
   70 
26 
26 
16 
25 
29 
17 
29 
20 
16 
10 
 
 
 
 
 
 
 
 
 
 556 
 
 
 
 
 
 
 
 
 
   214 
 
 
 
 
 
 
 
 
 
1.743E+11
 B 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
 
   44 
   15 
   31 
   31 
   22 
   23 
   38 
   32 
   41 
   37 
9 
6 
10 
6 
13 
17 
13 
12 
23 
10 
 
 
 
 
 
 
 
 
 
 314 
 
 
 
 
 
 
 
 
 
   119 
 
 
 
 
 
 
 
 
 
1.742E+11
 C 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
 
  168 
  210 
  179 
  189 
  199 
  169 
  201 
  142 
  175 
  150 
56 
61 
77 
69 
79 
72 
59 
48 
98 
70 
 
 
 
 
 
 
 
 
 
 1782 
 
 
 
 
 
 
 
 
 
   689 
 
 
 
 
 
 
 
 
 
1.707E+11
                                                                                                                Average =       1.730E+11 
Data obtained from a single sample (number 3) of purified CrleGV-SA OBs made to a final dilution 
of 1/200 during enumeration studies using SEM.  
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Table 16.  Mean values obtained for purified CrleGV-SA stock using SEM 
Sample Sample 
replicate 
OB 
counts 
Latex particle 
counts 
OBs/ml Average 
OBs/ml 
1 A 
B 
C 
734 
479 
479 
292 
165 
177 
1.659E+11 
1.916E+11 
1.786E+11
 
 
1.787E+11 
2 A 
B 
C 
311 
1200 
1461 
114 
486 
532 
1.801E+11 
1.630E+11 
1.813E+11
 
 
1.748E+11 
3 A 
B 
C 
565 
314 
1782 
214 
119 
689 
1.743E+11 
1.742E+11 
1.707E+11
 
 
1.730E+11 
4 A 
B 
C 
220 
458 
75 
111 
217 
37 
1.308E+11 
1.393E+11 
1.338E+11
 
 
1.346E+11 
5 A 
B 
C 
228 
319 
424 
117 
148 
195 
1.286E+11 
1.423E+11 
1.435E+11
 
 
1.381E+11 
6 A 
B 
C 
517 
107 
235 
273 
60 
126 
1.250E+11 
1.177E+11 
1.231E+11
 
 
1.219E+11 
7 A 
B 
C 
280 
210 
332 
176 
109 
162 
1.050E+11 
1.272E+11 
1.353E+11
 
 
1.225E+11 
8 A 
B 
C 
744 
816 
327 
437 
494 
181 
1.124E+11 
1.090E+11 
1.192E+11
 
 
1.135E+11 
9 A 
B 
C 
1073 
867 
1177 
623 
505 
672 
1.137E+11 
1.133E+11 
1.156E+11
 
 
1.142E+11 
10 A 
B 
C 
859 
1282 
2283 
487 
679 
1295 
1.164E+11 
1.246E+11 
1.164E+11
 
 
1.191E+11 
11 A 
B 
C 
806 
623 
354 
294 
227 
145 
1.809E+11 
1.811E+11 
1.611E+11
 
 
1.744E+11 
12 A 
B 
C 
563 
896 
568 
307 
498 
313 
1.210E+11 
1.187E+11 
1.198E+11
 
 
1.199E+11 
13 A 
B 
C 
674 
983 
465 
317 
541 
236 
1.403E+11 
1.199E+11 
1.300E+11
 
 
1.301E+11 
14 A 
B 
C 
1350 
1624 
2299 
848 
978 
1342 
1.051E+11 
1.096E+11 
1.131E+11
 
 
1.092E+11 
15 A 
B 
C 
1073 
1332 
883 
586 
794 
529 
1.209E+11 
1.107E+11 
1.102E+11
 
 
1.139E+11 
16 A 
B 
C 
1140 
1696 
1553 
507 
794 
722 
1.484E+11 
1.410E+11 
1.420E+11
 
 
1.438E+11 
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17 A 
B 
C 
580 
469 
1129 
257 
212 
454 
1.489E+11 
1.460E+11 
1.641E+11
 
 
1.530E+11 
18 A 
B 
C 
431 
356 
858 
171 
134 
377 
1.664E+11 
1.753E+11 
1.502E+11
 
 
1.640E+11 
19 A 
B 
C 
1138 
1699 
691 
440 
614 
277 
1.707E+11 
1.826E+11 
1.646E+11
 
 
1.727E+11 
20 A 
B 
C 
592 
1085 
174 
210 
408 
60 
1.861E+11 
1.755E+11 
1.914E+11
 
 
1.843E+11 
                                                                                        Mean value =  1.360E+11 
                                                                        Standard deviation =   0.264E+11 
OB counts, OB concentration values and standard deviation values obtained from 20 replicate 
samples of purified viral stock made to a final dilution of 1/200 during enumeration studies using 
SEM.  
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Table 17.  Enumeration results of 10 replicate samples of crude CrleGV-SA OBs using SEM 
Sample 
number 
Sample 
replicate 
OB 
counts 
Latex particle 
counts 
OBs/ml Average 
OBs/ml 
1 A 
B 
C 
828 
1228 
1002 
607 
1007 
802 
1.801E+11 
1.610E+11 
1.649E+11 
 
 
1.687E+11 
2 A 
B 
C 
999 
674 
1139 
778 
565 
936 
1.695E+11 
1.575E+11 
1.606E+11 
 
 
1.625E+11 
3 A 
B 
C 
1036 
825 
773 
775 
590 
490 
1.765E+11 
1.846E+11 
2.082E+11 
 
 
1.898E+11 
4 A 
B 
C 
383 
1233 
633 
287 
784 
511 
1.762E+11 
2.076E+11 
1.713E+11 
 
 
1.850E+11 
5 A 
B 
C 
1729 
1432 
1203 
1170 
943 
802 
1.951E+11 
2.005E+11 
1.980E+11 
 
 
1.978E+11 
6 A 
B 
C 
172 
190 
231 
121 
151 
163 
1.876E+11 
1.661E+11 
1.871E+11 
 
 
1.803E+11 
7 A 
B 
C 
231 
525 
356 
163 
406 
230 
1.871E+11 
1.707E+11 
2.043E+11 
 
 
1.874E+11 
8 A 
B 
C 
1185 
286 
147 
320 
86 
30 
4.888E+11 
4.390E+11 
6.468E+11 
 
 
5.249E+11 
9 A 
B 
C 
351 
628 
976 
142 
194 
340 
3.263E+11 
4.273E+11 
3.789E+11 
 
 
3.775E+11 
10 A 
B 
C 
379 
294 
258 
149 
117 
78 
3.358E+11 
3.317E+11 
4.366E+11 
 
 
3.680E+11 
                                                                                                  Mean value = 2.542E+11 
                                                                                    Standard deviation =  1.244E+11 
Mean OB counts, OB concentration and standard deviation values obtained from 10 replicate 
samples of crude viral stock made to a final dilution of 1/200 during enumeration studies using 
SEM.  
 
3.4  Comparison of enumeration methods using purified and crude viral stocks 
3.4.1  Comparison of OB concentrations obtained from purified CrleGV-SA stock 
The data from each of the 20 separate samples following the three enumeration methods are shown 
in Table 18. The means of these values were compared statistically using ANOVA. Mean 
counts/values of 2.066×1011 ± 0.131×1011 OBs/ml from spectrophotometry, 1.281×1011                  
± 0.060×1011 OBs/ml from dark field microscopy and 1.360×1011 ± 0.264×1011 OBs/ml from SEM 
were obtained. The eta-squared test used to compare more than two groups of data indicated that the 
difference between the three groups was of practical significance (eta squared value = 0.873). 
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However, the eta-squared value does not indicate which two groups are significantly different, 
hence the Tukey’s Honestly Significant Difference (HSD) test, was used to compare all possible 
pairs of mean values obtained from the different enumeration techniques. The Tukey’s HSD test 
indicated that values obtained from the dark field microscopy and SEM methods were not 
significantly different (p=0.063), but the results of the spectrophotometric analysis were 
significantly different from the other two methods (p=0.0001), as shown in Figure 14. The standard 
deviations (Table 18) also indicate that the values obtained using SEM had the greatest variance and 
those obtained using dark field microscopy had the least variance. 
 
3.4.2  Comparison of OB concentrations obtained from crude CrleGV-SA stock 
The OB concentrations obtained using spectrophotometry, dark field microscopy and SEM for the 
crude viral stock were also compared to investigate the feasibility of the techniques in quantifying 
impure viral preparations. Using ANOVA, the mean values of 4.034×1011 ± 0.051×1011 OBs/ml 
from spectrophotometry, 1.551×1011 ± 0.323×1011 OBs/ml from dark field microscopy and 
2.542×1011 ± 1.244×1011 OBs/ml from SEM were statistically compared. A pair-wise comparison 
done using the Tukey’s HSD test indicated that all pair-wise comparisons gave p values less than 
0.05. This indicated that all methods produced enumeration values that were of significant 
difference     (Figure 15). SEM was shown to have the largest variance and the spectrophotometric 
values had the least variance.   
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Table 18.  Enumeration results obtained from 20 replicate samples of purified CrleGV-SA stock by 
spectrophotometry, dark field microscopy, and SEM 
 
Spectrophotometry 
OB counts per ml 
Dark field OB 
counts per ml 
SEM OB counts 
per ml 
1.833E+11 
1.745E+11 
1.866E+11 
1.967E+11 
2.009E+11 
2.010E+11 
2.012E+11 
2.045E+11 
2.043E+11 
2.150E+11 
2.149E+11 
2.170E+11 
2.212E+11 
2.152E+11 
2.180E+11 
2.174E+11 
2.144E+11 
2.145E+11 
2.150E+11 
2.172E+11 
 
1.250E+11 
1.245E+11 
1.288E+11 
1.218E+11 
1.223E+11 
1.315E+11 
1.335E+11 
1.308E+11 
1.433E+11 
1.255E+11 
1.300E+11 
1.260E+11 
1.355E+11 
1.360E+11 
1.225E+11 
1.235E+11 
1.173E+11 
1.288E+11 
1.300E+11 
1.250E+11 
1.787E+11 
1.748E+11 
1.730E+11 
1.346E+11 
1.381E+11 
1.219E+11 
1.225E+11 
1.135E+11 
1.142E+11 
1.191E+11 
1.744E+11 
1.199E+11 
1.300E+11 
1.092E+11 
1.139E+11 
1.438E+11 
1.530E+11 
1.640E+11 
1.727E+11 
1.843E+11 
Mean= 2.066E+11         1.281E+11       1.360E+11 
   SD = 0.131E+11         0.060E+11           0.264E+11 
Mean values (OBs/ml) and the standard deviation (SD) values obtained for the 20 replicate samples 
analysed during the enumeration studies.  
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Methods 1 and 2 Methods 1 and 3 Methods 2 and 3 
p =  0.000119      0.063889      0.000119 
 
Figure 14.  Comparison of the enumeration results obtained for the purified CrleGV-SA stock.  Box 
and whisker plot of the OBs/ml mean values, mean ± SE (standard errors) and 1.96 SE which is the 
95% confidence interval, was used to compare the results obtained using dark field microscopy (1), 
spectrophotometry (2) and SEM (3). Methods 1 and 3 do not differ significantly (p=0.064) but they 
both differ significantly from method 2 (p=0.0001, in both cases).  p < 0.05 is significant. 
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                A 
                 
                B 
Method Mean value of OBs/ml Standard deviation 
Spectrophotometry (1) 4.034E+11 0.051E+11 
Dark field (2) 1.551E+11 0.323E+11 
SEM (3) 2.542E+11 1.244E+11 
                     C 
Methods 1 and 2 Methods 1 and 3 Methods 2 and 3 
p =  0.00017      0.009      0.034 
 
Figure 15.  Comparison of the enumeration methods performed on CrleGV-SA crude stock. A) Box 
and whisker plot of the OBs/ml mean values, mean ± SE (standard errors) and 1.96 SE which is the 
95% confidence interval, was used to compare the different methods. B) Mean values and the 
standard deviation of the three methods. C) p values obtained from the pair-wise comparison of the 
methods indicating that all methods differed significantly, with methods 2 and 3 showing less 
difference between each other. (p = 0.03) and a large difference to method 1. p < 0.05 is significant 
 
3.4.3  Comparison of CrleGV-SA OB concentration from Cryptogran® and Cryptex® 
Enumeration studies were performed on the two commercial formulations (biopesticides) produced 
from CrleGV-SA; Cryptogran® (River Bioscience, South African) and Cryptex® (Andermatt, 
Switzerland). The commercial product Cryptex® has a nominal concentration of at least 2.0×1010 
OBs/ml. A preparation of the crude semi-filtered Cryptogran® homogenate prior to dilution and 
formulation for sale was provided by S. Moore (CRI), with an estimated concentration of 1×1011 
OBs/ml (S. Moore, personal communication). SEM was chosen as the enumeration method to 
determine the concentration of OBs per ml in each product and compare their values, since the OBs 
within the Cryptogran® biopesticide were very difficult to count using dark field microscopy. 
Although the Cryptogran® biopesticide was washed three times by centrifugation before being 
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diluted with 0.1% SDS, this still did not give a good enough sample to view under the light 
microscope. Therefore, for statistical analysis and comparison with SEM, dark field microscopy 
was not used in the enumeration studies of both commercial products. Cryptex®, which consisted 
of a light brown suspension, was easy to prepare for SEM analysis as it contained significantly less 
debris than Cryptogran®. Therefore, a similar protocol to that used for the preparation of the 
purified viral stock was used to prepare Cryptex® for counting purposes. Images, free of debris, 
were obtained for accurate counting using SEM, as shown in Figure 16A. Preparation of the 
Cryptogran® homogenate for SEM counting proved difficult since the biopesticide consisted of a 
brown, highly viscous solution. Preparation for observation in the SEM, Cryptogran® was first 
diluted in 0.1% SDS prior to addition of the dispersant, but this preparation did not give clear 
images for counting. Therefore, Cryptogran® was washed three times in distilled water by 
centrifugation and then suspended in 1 ml 0.1% SDS prior addition of latex particles for counting 
purposes. The SEM images acquired for Cryptogran® showed that the crude semi-filtered 
biopesticide still contained a large amount of debris (Figure 16B) which still made it difficult to 
accurately count the OBs. An additional problem for images acquired for Cryptogran®, was the low 
count of OBs and latex particles per field were (less than 20), and therefore the values of OB 
concentration obtained for Cryptogran® must be viewed with caution. However, enumeration 
studies were carried out on both commercial products to determine the OB concentration in 1 ml in 
each product, and compare the obtained values to the expected values. 10 replicate samples were 
analysed from each biopesticide and the mean values were statistically compared. The mean values 
1.237×109 ± 0.152×109 OBs/ml for Cryptogran® and 7.677×1010 ± 0.437×1010 OBs/ml for 
Cryptex® showed that the OB concentration of Cryptex® was 70 times higher than that obtained 
for Cryptogran® (Figure 17). The values obtained for Cryptogran® were found to be less variable 
when compared to those obtained for Cryptex®, as the standard deviation for Cryptogran® values 
was lower than that of the Cryptex® values. This contradicts the statistical limits recommended by 
the Millipore Particle Monitoring Guide (1998). Table 19 shows the mean values obtained for 
Cryptex® and Cryptogran®.  
 
The nominal concentration of the commercial Cryptex® preparation was expected to be at least 
2×1010 OBs/ml, and this compares well with the SEM value of 7.67×1010 OBs/ml. The observed 
concentration of the Cryptogran® preparation (1.237×109 OBs/ml) was 100 times less than the 
expected concentration (1×1011 OBs/ml), and this may have been due to loss of OBs during the 
washing process and/or to masking of the OBs on the SEM images by contaminating particles.   
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A 
 
 
B 
 
 
Figure 16.  Scanning electron micrograghs showing CrleGV-SA OBs obtained from the viral 
commercial products. A) A clear image of Cryptex® OBs mixed with latex particles, both made to a 
final dilution of 1/200. B) Cryptogran® OBs mixed with latex particles made to a final dilution of 
1/200.Debris can be seen affecting the clarity of the image for counting purposes. A dispersant 
diluted 1/500 was added to the OBs/latex particles mixture in both viral commercial samples. 
Scale bar = 1 µm 
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Product Mean of OBs/ml Standard deviation 
Cryptex® (1) 7.677E+10 0.437E+10 
Cryptogran® (2) 1.237E+09 0.152E+09 
 
Figure 17.  Comparison of the enumeration results obtained from the two commercial products 
Cryptex® and Cryptogran®. Box and whisker plot of the OBs/ml mean values, mean ± SE 
(standard errors) and 1.96 SE which is the 95% confidence interval, was used to compare the 
results. The plot shows that Cryptex® (1) and Cryptogran ® (2) biopesticide OB concentrations 
differed significantly (p = 0.000161). Mean values and standard deviations obtained for Cryptex® 
and Cryptogran® are also shown. p < 0.05 is significant. 
 
 
Table 19.  Enumeration results obtained for Cryptex® and Cryptogran® using SEM 
 
Cryptex® OBs/ml Cryptogran® OBs/ml 
8.103E+10 
7.660E+10 
7.931E+10 
7.269E+10 
7.556E+10 
7.202E+10 
8.570E+10 
7.172E+10 
7.733E+10 
7.561E+10 
 
1.130E+09
1.547E+09
1.452E+09
1.229E+09
1.092E+09
1.186E+09
1.245E+09
1.082E+09
1.249E+09
1.159E+09
 
Mean= 7.676E+10   1.237E+09 
SD  =   0.437E+10   0.152E+09 
Mean values and standard deviation (SD) of OBs/ml obtained from CrleGV-SA biopesticides; 
Cryptex® and Cryptogran® during enumeration studies using SEM. 
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3.5  Morphological studies on CrleGV-SA using electron microscopy 
3.5.1  Morphological studies on CrleGV-SA using TEM 
Morphological studies were done on CrleGV-SA using TEM to study the ultrastructure. Figure 18 
shows the longitudinal and cross sections of a CrleGV-SA OB containing a single nucleocapsid. 
Figure 19 shows the longitudinal section of a CrleGV-SA OB containing two nucleocapsides, which 
is rare in GVs (Murphy et al, 1995; Tanada and Kaya, 1993). The images also show the crystalline 
faceting of the inner surface of the OB which is typical of crystal growth, confirmed by the lattice 
planes observed in the granulin protein of the OB. Five CrleGV-SA OBs observed using TEM 
which were evenly sectioned along the centre line were measured to give an estimation of the 
diameter (cross section) and length (longitudinal section) of CrleGV-SA. The average length and 
diameter of OBs observed for CrleGV-SA was 321 nm and 214 nm respectively, and the average 
length and diameter of the nucleocapsids was 163 nm and 25 nm respectively (Table 20). To 
calculate statistically significant values of CrleGV-SA OB and the nucleocapsid sizes, at least 10 
counts on a number of different sample preparations containing the virus are required.  
 
3.5.2  Morphological studies on CrleGV-SA using SEM 
SEM was used to optimise the DNA preparations for the commercial DNA extraction kits used to 
extract DNA from viral or insect tissue samples. This was because the use of the ZR Viral DNA 
kit™ and the ZR Insect/Tissue DNA kit-5™ (Zymo Research, USA) to isolate DNA from purified 
CrleGV-SA and other CrleGV-SA viral preparations gave very low yields, possibly due to failure to 
remove the OB encapsulating the nucleocapsid. Therefore, samples from the steps at which OBs of 
the viruses are dissolved during DNA extraction using the CTAB method were first prepared for 
TEM analyses. The results (not shown) indicated that the OBs were completely dissolved after the 
first two steps of the CTAB DNA extraction method in which the OBs were subjected to SDS and 
proteinase K treatment. Following this, samples incubated with 10% SDS and 25 mg/ml proteinase 
K (as in section 2.6.1.1) were then prepared and analysed using SEM as shown in Figure 20. Since 
the aim was to visualise the nucleocapsids which were reported by Winstanley and O’Reilly (1999) 
to be 200-300 nm in length and therefore smaller than the OBs (observed to be 300-500 nm long), 
iridium was used to coat the samples. Iridium provides a more uniform conductive coating required 
for high resolution imaging. Figure 20 shows nucleocapsids of CrleGV-SA, which have a 
cylindrical structure, a characteristic of baculovirus nucleocapsids (van Regenmortel et al, 2000). 
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Figure 18. Transmission electron micrographs showing a CrleGV-SA OB. A) Longitudinal section 
of an OB showing a single nucleocapsid within it. B) Cross section of an OB which clearly shows 
the double layered envelope of the nucleocapsid. Scale bar = 50 nm 
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Figure 19.  Transmission electron micrograph showing a CrleGV-SA OB containing two 
nucleocapsids (shown by arrows). Scale bar = 100 nm  
 
 
Table 20.  Measurements performed on CrleGV-SA OBs observed in the TEM 
 
   Longitudinal-section (length in nm)     Cross-section (diameter in nm) 
Occlusion body (OB) Nucleocapsid Occlusion body (OB) Nucleocapsid 
311 
314 
338 
339 
305 
 
160 
155 
160 
176 
165 
 
201 
226 
200 
229 
 
24 
24 
23 
28 
 
 
Average = 321 nm   163 nm        214 nm                    25 nm 
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Figure 20.  Scanning electron micrograph showing nucleocapsids of CrleGV-SA. 
A sample from the step after incubation in 10% SDS and proteinase K of a DNA extraction using 
CTAB method (refer to section 2.6.1.1) was prepared for SEM. This shows nucleocapsids (indicated 
in arrows) that have been liberated by dissolution of the proteinaceous matrix (OB).  
Scale bar = 100 nm 
 
3.6  Development and investigation of qPCR as an enumeration technique 
3.6.1  Verification of CrleGV-SA using single restriction enzyme digestions  
To verify and confirm that the purified DNA stock contained the CrleGV-SA genome, DNA sample 
preparations from the stock were investigated using single restriction enzyme digestions with 
enzymes HindIII and EcoRI, following the protocol of Goble (2007). The protocol was optimised to 
obtain suitable DNA fragments from the CrleGV-SA DNA, which had a concentration of 30 µg/ml. 
The optimal DNA concentration used during the digestion was 0.015 µg/µl in the reaction mixture, 
and the optimal electrophoresis time and voltage was 6 hours and 50 volts respectively. The 
enzymes PstI, BamHI, EcoRI and HindIII were first used to perform the digestions. However, a 
number of trials indicated that the HindIII and EcoRI gave good results, and were thus chosen in the 
study to analyse the CrleGV-SA DNA. The single digestion using HindIII resulted in 11 distinct 
fragments and the EcoRI digestion resulted in 10 distinct fragments (Figure 21) whose patterns 
were similar to that obtained by Goble (2007). However, according to Singh et al (2003), 24 DNA 
fragments of CrleGV-SA were obtained from single digestions using EcoRI. Restriction enzyme 
analyses done by Goble (2007) on CrleGV-SA, extracted from the commercial product of the virus, 
Cryptogran®, produced 14 and 13 DNA fragments using EcoRI and HindIII respectively, and the 
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DNA extracted from the commercial product, Cryptex®, produced 13 DNA fragments for both 
HindIII and EcoRI . 
 
                                             1          2          3            Gene Ruler 1kb DNA ladder      
                                                       
Figure 21.  Single restriction enzyme digestions of purified CrleGV-SA using HindIII and EcoRI.  
The digestions were separated on a 1% DNA agarose gel. Lane 1 - Gene Ruler 1kb Molecular 
Marker, lane 2 – HindIII digestion and lane 3 – EcoR1 digestion. 
 
3.6.2  Optimisation of CrleGV-SA DNA concentration for qPCR enumeration studies 
In order to determine the optimal viral DNA concentration for qPCR studies, dilutions made from 
the CrleGV-SA DNA stock, with a concentration of 30 µg/ml, were analysed using the conditions 
used in previous studies (C. Knox, Rhodes University, personal communication) for conventional 
PCR (see section 2.6.3, Table 6). The results showed that the DNA stock made to final 
concentrations of 0.00015, 0.0002 and 0.00025 µg/µl gave the lowest Cq values at 11.2, 11.1 and 
11.8 respectively (Table 21). Figure 22 shows the PCR amplification and melt curves obtained 
during the qPCR assay. An exponential amplification of the DNA template was observed after a 
threshold of 10 cycles, using a DNA concentration above 0.00025 µg/µl. The amount of DNA in 
samples analysed in qPCR is measured at the exponential phase of the PCR amplification curve. An 
amount above 0.005 µg per PCR reaction which gave a value of Cq well above 10, (~12) was 
chosen as optimal. Therefore, the optimal DNA starting concentration was determined as          
0.0003 µg/µl and was used in the optimisation of the annealing temperature for amplification of 
granulin gene. 
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Table 21.  qPCR results obtained during optimisation of DNA concentration for qPCR assays 
Sample (2 µl added in 
reaction mix) 
Final amount and concentration of 
DNA in reaction mix (20 µl) 
Cq 
value 
CrleGV-SA stock DNA 0.005 µg (0.00025 µg/µl) 11.8 
CrleGV-SA stock DNA 0.005 µg (0.00025 µg/µl) 12.5 
CrleGV-SA stock DNA 0.004 µg (0.0002 µg/ul) 11.1 
CrleGV-SA stock DNA 0.004 µg (0.0002 µg/ul) 11.4 
CrleGV-SA stock DNA 0.003 µg (0.00015 µg/µl) 12.1 
CrleGV-SA stock DNA 0.003 µg (0.00015 µg/µl) 11.2 
CrleGV-SA stock DNA 0.0005 µg (0.025 ng/µl) 13 
CrleGV-SA stock DNA 0.0005 µg (0.025 ng/µl) 12.6 
No template control - 36.2 
No template control - 37.4 
CrleGV-SA stock DNA 0.05 ng (0.0025 ng/µl) 16.4 
CrleGV-SA stock DNA 0.05 ng (0.0025 ng/µl) 14.5 
CrleGV-SA stock DNA 0.005 ng (0.00025 ng/µl) 18.8 
CrleGV-SA stock DNA 0.005 ng (0.00025 ng/µl) 18.9 
CrleGV-SA stock DNA 0.0005 ng (0.025 pg/µl) 21.4 
CrleGV-SA stock DNA 0.0005 ng (0.025 pg/µl) 20.5 
           
           A 
           
           B 
           
Figure 22.  qPCR quantification graph and melt curve for optimisation of DNA concentration 
showing amplification of granulin gene. A) Quantification graph of DNA dilution standards 
amplified at annealing temperature 54ºC. No template control samples (shown by the arrow) gave 
amplification after cycle 30. B) Melt curve to verify the specificity of SYBR Green I reaction, 
which is shown by a single peak at 88-89ºC.  
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3.6.3  Optimisation of annealing temperature for amplification of granulin gene 
A temperature gradient from 50ºC to 60ºC using CrleGV-SA DNA at a concentration of          
0.0003 µg/µl, in the PCR reaction, indicated that the optimal annealing temperature was 59ºC, 
which gave the lowest Cq value of 12.6, as shown in Table 22. The aim was to determine the 
highest temperature which gives the greatest specificity of primer binding and still gives a good 
amplification of the granulin gene. Since SYBR Green which was used to detect the DNA 
amplified during the PCR reaction binds to all dsDNA, the specificity of the PCR reaction was 
analysed using a melt curve which is plotted by the PCR icycler. A single sharp peak indicated the 
presence of one product sequence, confirming high specificity of the primers.  The temperature of 
this melting peak was found to lie between 88ºC and 89ºC. Figure 23 shows both the PCR 
amplification and melt curves from the annealing temperature gradient assay. A reference DNA 
sample (provided by C. Knox, Rhodes University) was run at 53.9ºC. The temperature was chosen 
based on previous studies done on CrleGV-SA DNA using conventional PCR (Goble, 2007; Singh, 
2001). The reference DNA sample produced smaller melt peaks than those derived from the DNA 
stock since it had a low concentration, but the peak was at the same temperature as the DNA stock. 
 
Table 22.  Results obtained from annealing temperature gradient assays using qPCR. 
Sample (amount per PCR 
reaction) 
Annealing 
Temperature (ºC) 
Cq 
value 
0.006 µg DNA stock 60 13.5 
0.006 µg DNA stock 60 12.9 
No template control 60 N/A 
No template control 60 N/A 
0.006 µg DNA stock 59.5 12.6 
0.006 µg DNA stock 59.5 12.9 
0.006 µg DNA stock 58.3 14.1 
0.006 µg DNA stock 58.3 12.6 
0.006 µg DNA stock 56.4 15 
0.006 µg DNA stock 56.4 14.6 
No template control 53.9 N/A 
0.006 µg DNA stock 53.9 22.1 
0.006 µg DNA stock 53.9 22.1 
Reference DNA sample* 53.9 32.5 
Reference DNA sample* 53.9 33.7 
No template control 53.9 N/A 
0.006 µg DNA stock 52.1 27 
0.006 µg DNA stock 52.1 27.1 
0.006 µg DNA stock 50.8 27.6 
0.006 µg DNA stock 50.8 27.4 
0.006 µg DNA stock 50.0 28.1 
*A CrleGV-SA DNA sample provided by C. Knox (Rhodes University) was used as a reference. 
N/A indicates no amplification of sample in PCR reaction. 
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B 
 
Figure 23.  qPCR annealing temperature gradient graph and melt curve showing amplification of 
granulin gene. A) Annealing temperature gradient graph with temperature ranging from 50ºC to 
60ºC. No template control samples gave no amplification. The reference DNA sample (shown by 
the arrow) was amplified after cycle 30. B) Melt curve to verify the specificity of SYBR Green I 
reaction, which is shown by a single peak at 88-89ºC. The two smaller peaks are derived from the 
DNA reference sample (shown by double arrow). 
 
3.6.4  Optimisation and verification of standard curves 
The absolute quantification method using a standard curve was used to quantify the amount of DNA 
in unknown samples, whereby their Cq values are compared to a standard curve (Yu et al, 2005). A 
CrleGV-SA DNA stock was extracted from the purified CrleGV-SA stock prepared for 
quantification using dark field microscopy and SEM prior to extraction of the DNA. The 
concentration of OBs (to 1 decimal place) was 1.3×1011 OBs/ml and 1.4×1011 OBs/ml for dark field 
microscopy and SEM respectively. The concentration of the DNA was determined using the Qubit 
fluorometer as 30 µg/ml. Figure 24 shows a graph of a qPCR amplification and standard curve with 
a slope of -3.181 and an amplification efficiency of 106.2%. Although the ideal slope is -3.32 which 
correlates to an efficiency of 100%, a range of 90 to 110% which correlates to a slope range of -3.6 
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to -3.10 is generally accepted (Real-Time PCR; Understanding Ct Application Note, 2008). To 
verify the accuracy of the standard curve, two “unknown” samples were run in parallel with serial 
dilutions of the DNA stock that were used to produce the standard curve (Table 23). The expected 
quantities of the “unknown” samples in the PCR run, which were the DNA stock diluted 1/1000 and 
1/2500, were 6×10-5 and 2.4×10-5 µg per PCR reaction respectively. The 1/1000 DNA sample, 
analysed in duplicate, gave readings of 1.0×10-4 and 7.4×10-5 µg, of which the latter value was close 
to the expected value. The mean value of the two readings was 8.98×10-5 µg. Differences in the 
amounts could be explained by inaccurate pipetting and/or inaccurate dilution. The 1/2500 DNA 
sample readings were 1.6×10-5 and 2.2×10-5 µg, with a mean value of 1.9×10-5 µg, and were both 
close to the expected value, thus confirming the accuracy of the standard curve. No template control 
samples that contain all the PCR components except the DNA template were analysed in parallel to 
the DNA standards and “unknowns” as they are essential for detecting contamination or non-
specific amplification in the PCR reaction. Amplification of a no template control after 30 cycles in 
real time qPCR is acceptable as this may be due to anomolous reactions produced in the late stages 
of the PCR run (G. Dealtry, personal communication). 
 
To investigate the validity of the absolute quantification qPCR method using a standard curve, a 
standard curve was repeated using the same serial standards of the DNA stock (refer to section 
2.6.6, Table 8). In addition to the 1/1000 and 1/2500 DNA samples, with an amount of 6×10-5 and 
2.4×10-5 µg per PCR reaction respectively, DNA extracted from the crude viral stock, a fresh DNA 
sample extracted from the purified viral stock and DNA extracted from the purified viral stock 
diluted 1 in 5 before extraction of the DNA, were used to investigate the accuracy of the standard 
curve for quantification. Prior to qPCR analysis, the DNA extracted from all viral preparations was 
quantified using the Qubit fluorometer. The concentrations of the DNA samples are shown in Table 
24. Based on the concentrations obtained for the DNA samples, the samples were diluted prior to 
PCR analysis. Figure 25 shows a graph of a qPCR amplification and the second standard curve with 
a slope of -3.459 and an amplification efficiency of 94.6%. The expected starting amounts and the 
results (in brackets) obtained from the standard curve analysis (Table 25), were 2×10-5 µg, 
(1.13×10-4,   2.8×10-3), 1.96×10-3 µg (4.5×10-3, 7.61×10-3) and 6×10-4 µg (2.3×10-3, 1.8×10-3) per 
PCR reaction, for the DNA extracted from the crude viral stock, purified CrleGV-SA viral stock and 
purified viral stock diluted 1 in 5 respectively. The standard curve readings for the 1/1000 and 
1/2500 dilutions of the DNA stock produced mean values of 5.4×10-5 and 3.1×10-5 µg, which were 
close to the expected values of 6×10-5 and 2.4×10-5 respectively (see Table 25). However, standard 
curve readings and those expected for the other DNA samples did not agree.  Those obtained for the 
fresh DNA extracted from the purified viral stock were three times higher, but within the same 
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magnitude. However, the readings obtained from the DNA extracted from the other preparations 
were higher by a magnitude of 10. Although the results are not accurate, these analyses show that a 
standard curve can be optimised to quantify the amount of DNA in various samples and then 
correlate them to the number of OBs per ml. For instance, if 0.005 µg per PCR reaction (taking in to 
account the dilutions made to prepare the DNA samples) is equivalent to 1.4×1011 OBs/ml, then that 
standard may be used to determine the concentration of OBs/ml in unknown samples.  
 
Table 23.  Results obtained from the first standard curve for absolute quantification using qPCR 
Sample amount per PCR 
reaction 
Cq value Standard quantity (in 
µg) 
Standard quantity 
mean 
0.005 µg of DNA stock 13.14 5.00E-03  
5.00E-03 0.005 µg of DNA stock 12.48 5.00E-03
0.0005 µg of DNA stock 16.2 5.00E-04  
5.00E-04 0.0005 µg of DNA stock 15.24 5.00E-04
0.06 ng of DNA stock* 18.17 1.05E-04  
8.98E-05 0.06 ng of DNA stock* 18.64 7.44E-05
0.05 ng of DNA stock 19.17 5.00E-05  
5.00E-05 0.05 ng of DNA stock 19.02 5.00E-05
0.024 ng of DNA stock* 20.74 1.63E-05  
1.90E-05 0.024 ng of DNA stock* 20.34 2.17E-05
0.005 ng of DNA stock 23.55 5.00E-06  
5.00E-06 0.005 ng of DNA stock 22.76 5.00E-06
0.0005 ng of DNA stock 26.04 5.00E-07  
5.00E-07 0.0005 ng of DNA stock 25.07 5.00E-07
0.05 pg of DNA stock 28.52 5.00E-08  
5.00E-08 0.05 pg of DNA stock 28.2 5.00E-08
*The “unknown” samples run with the standard serial dilutions of the CrleGV-SA DNA stock. 
No template control samples do not show in the standard curve quantity reports as there was no 
DNA amplification. 
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Figure 24.  qPCR amplification, first standard curve and melt curve graphs for amplification of 
granulin gene. A) Amplification graph run at annealing temperature 59ºC. A no template control 
(shown in arrow) gave an amplification after cycle 32. B) The standard curve with a slope of the 
line fit to the data as -3.181 with a PCR efficiency of 106.2%. C) Melt curve to verify the 
specificity of SYBR Green I reaction, which is shown by a single peak at 88-89ºC.  
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Table 24.  The concentrations of DNA samples used for qPCR standard curve analysis 
Sample  Initial 
concentration 
(µg/ml) 
Dilutions Expected starting 
amount per PCR 
reaction 
CrleGV-SA DNA stock  30 1/1000 0.06 ng 
CrleGV-SA DNA stock  30 1/2500 0.024 ng 
Fresh CrleGV-SA DNA sample  49 1/50 1.96 ng 
CrleGV-SA DNA from crude 
viral stock 
10 1/1000 0.02 ng 
CrleGV-SA DNA from a 1 in 5 
diluted purified viral stock 
3 1/10 0.6 ng 
 
Table 25.  Results obtained from the second standard curve for absolute quantification using qPCR 
Sample amount per PCR reaction Cq 
value 
Standard quantity 
(in µg)  
Standard 
quantity mean 
0.005 µg of DNA stock 10.88 5.00E-03  
5.00E-03 0.005 µg of DNA stock 11.22 5.00E-03 
0.06 ng of DNA stock 17.78 5.35E-05  
5.43E-05 0.06 ng of DNA stock 17.73 5.52E-05 
0.0005 µg of DNA stock 14.7 5.00E-04  
5.00E-04 0.0005 µg of DNA stock 13.82 5.00E-04 
0.024 ng of DNA stock 18.63 3.02E-05  
3.08E-05 0.024 ng of DNA stock 18.58 3.14E-05 
0.05 ng of DNA stock 18.01 5.00E-05  
5.00E-05 0.05 ng of DNA stock 17.71 5.00E-05 
0.02 ng of DNA from crude stock 16.66 1.13E-04  
1.46E-03 0.02 ng of DNA from crude stock 11.83 2.80E-03 
0.005 ng of DNA stock 21.35 5.00E-06  
5.00E-06 0.005 ng of DNA stock 21.73 5.00E-06 
0.002 µg of purified viral sample 11.12 4.49E-03  
6.05E-03 0.002 µg of purified viral sample 10.33 7.61E-03 
0.0005 ng of DNA stock 24.19 5.00E-07  
5.00E-07 0.0005 ng of DNA stock 25.08 5.00E-07 
0.006 µg of purified sample diluted 
1/5 12.13 2.30E-03 
 
2.07E-03 
0.006 µg of purified sample diluted 
1/5 12.46 1.84E-03 
0.05 pg of DNA stock 27.8 5.00E-08  
5.00E-08 0.05 pg of DNA stock 28.79 5.00E-08 
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Figure 25.  qPCR amplification, second standard curve and melt curve graphs for amplification of 
granulin gene. A) Amplification graph run at annealing temperature 59ºC. No template controls 
(shown in arrow) gave no amplification during the PCR run. B) The standard curve with a slope of 
the line fit to the data as -3.459 with a PCR efficiency of 94.6%. C) Melt curve to verify the 
specificity of SYBR Green I reaction, which is shown by a single peak at 88-89ºC.  
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3.6.5  Investigation of CrleGV-SA DNA extraction using viral DNA extraction kits 
Tests with the two commercial viral DNA extraction kits used in this study, failed to obtain good 
DNA yields (below 0.05 µg/ml) and this was thought to be due to a failure to degrade the OB 
encapsulating each virion/nucleocapsid. Therefore, pre-treatment following the early stages of the 
established CTAB method was tested. To investigate the step at which the OBs are dissolved during 
the DNA extraction using the CTAB method, sample preparations for TEM analyses were first 
prepared for electron microscopy by J. Wesley-Smith (University of Kwazulu Natal, South Africa), 
and analysed using TEM. The results indicated that the OBs were completely dissolved after the 
first two steps of the CTAB DNA extraction method in which incubation with SDS and proteinase 
K was used to degrade the OBs (see section 2.6.1.1). The sample after incubation with 10% SDS 
and 25 µg/ml proteinase K was then prepared and analysed using SEM. The CrleGV-SA 
nucleocapsids were observed in the SEM and this showed that the OBs had been removed (refer to 
section 3.5.2, Figure 20). Following this, the viral DNA extraction kits were investigated for 
optimal extraction of DNA from purified CrleGV-SA stock. However, the yields of DNA which 
were 1.23 µg/ml and 2.24 µg/ml obtained using the ZR Viral DNA kit™ and ZR Insect/Tissue DNA 
kit-5™ respectively, were still very low compared to those obtained using the CTAB method (DNA 
yields were in the range of 30-50 µg/ml). Although some DNA could be extracted using the kits, for 
restriction enzyme digestion studies, and for the optimisation and investigation of qPCR as a 
quantitative method, DNA extracted using the CTAB method was chosen as a better option.  
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CHAPTER 4.  DISCUSSION 
 
4.1  Assessment of spectrophotometry for the enumeration of GVs 
In this study, spectrophotometry has been shown to be an unreliable method for the enumeration of 
CrleGV-SA. This technique has been used previously to determine the concentration of OBs per ml 
in baculovirus samples, using a formula devised by Dr S Wormleaton, Horticulture Research 
International, UK (Singh, 2001). It was investigated in the present study using purified and crude 
viral stocks. Enumeration studies based on spectrophotometry gave values that were significantly 
higher than those obtained using dark field microscopy and SEM (p = 0.0001) for both viral stock 
samples. Spectrophotometry is not a reliable method of enumeration for standardisation and quality 
control in the production of biopesticides since the technique produces an estimate of the 
concentration of the OBs in a sample, based on the amount of DNA and cell density. The optical 
density of the DNA is read at an absorbance of 260 nm and correlated with the turbidity of the 
sample obtained by absorbance at 350 nm. These values give an overestimate since the technique 
does not distinguish between the DNA of the virus and other biological microorganisms that may be 
present in the sample. Therefore, spectrophotometry is not recommended for the enumeration of 
biopesticides in the insect pest management, since a reliable and highly accurate method is 
imperative for standardisation and quality control. 
 
4.2  Validation of dark field microscopy as a technique for enumeration of GVs 
This study has validated the use of dark field microscopy, the current method for the enumeration of 
CrleGV-SA in the production of this granulovirus as a biopesticide. The technique has been shown 
to be reliable, accurate, and comparable to the newly developed method of SEM for the 
enumeration of GVs. Dark field microscopy was investigated using purified and crude             
(semi-purified) CrleGV-SA stocks, and was found to be reliable in counting virus particles (OBs) in 
both preparations. A pair-wise comparison using the Tukey’s HSD test gives a p value of less than 
0.05 between any two groups that are significantly different. The values obtained from the 
enumeration of OBs in the purified viral stock using dark field microscopy were shown to be 
comparable to those obtained using SEM (p = 0.064). However, the values obtained using both 
methods to quantify OBs in the crude viral stock were significantly different (p = 0.034), even 
though OB counts could be obtained using both enumeration techniques.  
 
 
 
79 
 
Although dark field microscopy is a reliable and accurate technique for the enumeration of 
baculoviruses, particularly NPVs (1 µm - 2 µm in length), it is not easy to perform on GVs due to 
their smaller size (0.5 µm or less in length) as indicated in previous studies (Hunter-Fujita et al, 
1998). As a consequenc, enumeration of CrleGV-SA OBs in both purified and crude viral stocks 
using dark field microscopy was limited by constraints of resolution, depth of field and movement 
of the particles within the sample solution during visualisation for counting purposes. This makes 
the technique difficult to apply as an enumeration method on GVs due to their small size. 
Furthermore, the small size of the CrleGV-SA OBs placed the samples at the limit of resolution for 
dark field microscopy and thus made distinction between the OBs and contaminating microscopic 
particles difficult. The Helber bacterial Thoma counting chamber has a depth of 0.02 mm which 
resulted in counting being performed by scanning more than one plane of focus. Therefore, dark 
field microscopy is not ideal for analysing large numbers of samples, and the technique requires 
considerable practice and experience to master. Moreover, it was not possible to enumerate the OBs 
in the semi-filtered homogenate of solid particles, larval material, additives and components of 
FCM diet obtained during commercial preparation of Cryptogran®. However, dark field 
microscopy is recommended for small scale laboratories since light microscopes are affordable in 
many laboratory settings. Dark field microscopy is also recommended for the analysis of a limited 
number of virus samples.  
 
4.3  Electron microscopy 
4.3.1  SEM development, optimisation and verification for the enumeration of GVs 
A technique for the enumeration of CrleGV-SA using SEM was developed, optimised and verified 
as an alternative method to dark field microscopy for quantification of CrleGV-SA virus particles 
(OBs). Electron microscopy uses electrons instead of light as a source of illumination, therefore the 
CrleGV-SA OBs were easy to visualise and distinguish from other microscopic particles in the SEM 
since electrons have a much shorter wavelength than light.  
 
The enumeration method developed was based on studies performed by Wagner et al (2008) in 
which virus particles were counted along with a standard solution of polystyrene latex particles of 
known concentration, and the virus count correlated with the number of latex particles in the 
sample. This overcomes inaccuracies introduced when viruses are counted directly. Reference latex 
particles with a uniform size of 0.303 µm were added to the CrleGV-SA samples prepared for 
counting using SEM. The optimal support matrix was found to be a 25 mm track-etched membrane 
filter of pore size 0.2 µm, due to its smooth surface which reduces background artefacts that may 
impair visualisation of the OBs for counting purposes. Pre-coating of membrane filters with gold 
80 
 
was shown to minimise charging artefacts thus improving the visualisation of OBs and latex 
particles.  
 
Dilution of virus samples for SEM with SDS, used to extract CrleGV-SA OBs from virus-infected 
larval cadavers and viral suspensions was problematic. Although SDS was used successfully to 
reduce aggregation of OBs in samples analysed using dark field microscopy, the detergent produced 
residues which made it difficult to visualise the OBs in SEM. For SEM enumeration studies, the 
detergent was replaced with distilled water as the diluent for CrleGV-SA OBs and latex particles. To 
produce a uniform distribution of both OBs and latex particles, in addition to sonication, the 
dispersant trisiloxane silicone surfactant was added. These findings are in agreement with the 
observation of Lua et al (2003) that NPV OBs pre-treated with SDS for SEM were badly damaged 
compared to those not treated with SDS. A study by Torquato et al (2006) indicated that placing an 
NPV sample on a glass slide/cover slip, and air drying was the simplest method to prepare 
baculovirus OBs for visualisation in the SEM. However, for counting purposes, this cannot be 
applied since the OBs tend to aggregate due to surface tension of water in the sample. To prevent 
this, in addition to placing the virus samples on a membrane filter and adding a dispersant 
trisiloxane silicone surfactant, rapid removal of excess liquid was done by vacuum suction. This 
also reduced the amount of time required to dry the sample.  
 
Enumeration studies using SEM produced values that had the greatest variance between replicate 
samples when compared to dark field microscopy and spectrophotometry. This may be explained by 
the method of removal of excess liquid from the sample on the membrane filter. The 25 mm     
track-etched membrane filter was placed in the centre of a sintered glass support attached to a 
vacuum flask prior to addition of the OB/latex particle mixture. The opening of the vacuum flask 
was much smaller than the diameter of the membrane filter, and this caused uneven suction of the 
liquid from the virus samples. The sintered glass support had to be slightly tilted to allow complete 
suction of the liquid from the membrane filter. Therefore, tilting of the flask may have caused 
uneven distribution of the OBs and latex particles, thus affecting the accuracy of the OB counts. 
This may be corrected, thus improving the uniform distribution of OBs and latex particles by using 
membrane filters of diameter 13 mm which can fit directly onto the aluminium stubs used for SEM 
analysis. Alternatively, the 25 mm membrane filters could be cut into circular pieces with a 
circumference comparable to that of the suction opening in the vacuum flask prior to addition of 
virus sample on the membrane filter. Despite this error in sample preparation, SEM has been shown 
to be reliable, feasible, time-efficient, highly accurate and easy to perform on GVs.  
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The feasibility of SEM for determining the concentration of CrleGV-SA OBs per ml in             
semi-purified viral preparations was investigated in a crude viral stock prepared for enumeration 
studies, and in the biopesticides Cryptogran® and Cryptex®. SEM was found to be reliable in 
counting the OBs in the crude viral stock and Cryptex® samples, but unreliable in counting the OBs 
in the undiluted homogenate of Cryptogran®, due to the large amount of debris in that preparation. 
This is because SEM depends on the ability to visualise the OBs for accurate counting, and the 
presence of debris interferes with this. Another limitation of the technique is that it does not indicate 
the amount of infectious or biologically active virus particles in the sample being investigated. 
Although SEM can be affected by the impurity of the sample of interest, it is reliable in quantifying 
virus particles in some semi-purified preparations. 
  
4.3.2  Morphological studies on CrleGV-SA  
The morphology of CrleGV-SA was studied using SEM and TEM. SEM showed the surface 
topographic features of the GV.  The OBs produced by CrleGV-SA were observed as granules or 
capsules with rounded ends. SEM also enables the study of the geometry of the OBs belonging to 
the baculoviruses, and these results may be compared across the different species found within each 
taxonomy or group of viruses (Torquato et al, 2006). For this study, the internal structure of the 
CrleGV-SA OBs was studied using TEM and a single nucleocapsid included in the OB crystal was 
observed for all but one of the OBs analysed. An OB containing two nucleocapsids, which is rare in 
GVs (Tanada and Kaya, 1993), was observed (refer to section 3.5.1, Figure 19). The matrix of the 
OBs produced by baculoviruses is composed primarily of a single structural protein termed 
polyhedrin in NPVs and granulin in GVs. Both proteins have similar structural features thus 
accounting for their similarity in function and biochemical properties. As observed in this study, 
OBs produced by GVs contain a single nucleocapsid/virion, which contains the genetic material 
(Rohrmann, 2008). The baculovirus nucleocapsids are enclosed within an envelope which consists 
of two membranes; the inner membrane and the outer membrane (Smith, 1971), as shown in Figure 
18B (section 3.5.1). The sizes of the OBs in GVs range between 300-500 nm in length and 120-300 
in diameter, and the nucleocapsids for both NPVs and GVs range between 200-300 nm in length 
and 30-60 nm in diameter (van Regenmortel et al, 2000; Tanada and Kaya, 1993). The 
ultramicrotome sections of the OBs observed in this study produced random orientations of the 
nucleocapsids, and thus led to uncertainties in the measurements of the length and diameter of the 
nucleocapsids. This is because accurate measurements of the internal features of the OB largely 
depended on the actual cross section geometry, which depends on the cut being exactly parallel to 
the longitudinal axis and exactly perpendicular to the longitudinal axis. Only five OBs were 
observed to be evenly sectioned and their measurements recorded (refer to section 3.5.1, Table 20). 
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The values obtained for the CrleGV-SA OBs were found to fall within the range stated in previous 
literature. However, to obtain accurate values for the length and diameter of the CrleGV-SA OBs 
and nucleocapsids, more measurements are required.  
 
The lattice structure of the CrleGV-SA OBs was observed by TEM. Studies have been done on NPV 
polyhedra (OBs) by Rohrmann, (1986), and reveal a lattice structure which is characteristic of a 
crystal. The main function of polyhedrin and granulin is to form a protective proteinaceous crystal 
around the nucleocapsid/virion, thus enabling the virus to remain stable for many years outside the 
insect host (Rohrmann, 1986). TEM may be used to study the lattice patterns of the OB crystal and 
measurements on the lattice spacing of the granulin/polyhedrin structure could be compared to 
those reported in previous studies.  
 
4.4  Real time qPCR 
4.4.1  qPCR development and investigation as a technique for the enumeration of GVs 
This study has shown that qPCR is an ideal method for the enumeration of GVs, as also shown in 
previous studies (Garnier et al, (2009). One of the main objectives of this study was to develop an 
alternative method to dark field microscopy that is rapid, reliable, highly accurate and feasible for 
the enumeration of GVs in the production of biopesticides. For the investigation of qPCR as a 
quantitative technique, DNA extracted from a purified CrleGV-SA stock was used to develop 
standard curves for absolute quantification of the virus particles in unknown samples, which is 
based on the amount of DNA present. The target chosen for qPCR amplification in the CrleGV-SA 
genome was the granulin gene which is present as a single copy in GV genomes. Therefore, using a 
purified preparation of the CrleGV-SA DNA genome as the standard material for absolute 
quantification is appropriate. If the gene is present as a single copy within the virus genome, then an 
accurate quantification of the number of virus particles present can be obtained from quantifying the 
granulin gene copy number within the sample. Primers designed to amplify the granulin gene in 
previous studies for conventional PCR were used in the study. Amplification of the granulin gene 
was not problematic since the gene is 747 bp, which is a good size for qPCR amplification. The egt 
gene, which is another highly conserved gene that is present as a single copy in the GV genome, 
was tested as an alternative target for qPCR amplification, again using primers developed in 
previous studies for conventional PCR. However, amplification of egt gene (1391bp) was not 
successful as the primers produced primer dimers (results not shown).  
 
Absolute quantification in real time qPCR depends entirely on the accuracy of the standards. The 
efficiency of a standard curve is indicated by the value of its slope. A standard curve with a slope of 
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between -3.3 and -3.8 is considered valid, and standard curves that have slopes which lie further 
away from this range should be discarded (BioRad Real-Time PCR brochure, 2009). Therefore, to 
obtain a suitable standard curve for enumeration analysis using qPCR, precision and accuracy in the 
preparation of the DNA standards is imperative. In this study, a number of standard curves were 
generated and two valid standard curves were obtained during the development of qPCR as a 
quantitative method, with slopes -3.2 and -3.5. The design of a standard curve and the determination 
of the correct standard concentration can be problematic. Artefacts caused by inaccurate pipetting 
and/or inaccurate dilution can significantly affect the validity of the technique. Moreover, the 
validity of the technique is also dependent on the stability of the DNA material used during the 
qPCR assays. Cloned DNA and genomic DNA can be stored and used over long periods to generate 
valid standard curves when compared to freshly prepared DNA (Pfaffl, 2010).   
 
The efficiency of two viral DNA extraction kits was investigated, but low concentrations of DNA 
were obtained from the purified CrleGV-SA stock used for enumeration studies, when compared to 
the non-commercial CTAB DNA extraction method. It was thought that the commercial kits did not 
fully degrade the OB that encapsulates the nucleocapsid, therefore the early steps of the CTAB 
method which dissolve the OB were investigated using SEM. This was done to determine the step 
at which a virus sample could be used to continue the extraction of the viral DNA using the viral 
kits. However, the concentrations of the DNA obtained after fully removing the OBs, leaving 
exposed nucleocapsids was still low. In this study, the CTAB method was found to be the best 
method for extracting DNA from all virus suspensions analysed by qPCR. 
 
4.4.2  qPCR offers great potential as a technique for the enumeration of GVs 
qPCR is a sensitive technique as it can detect samples of interest at a low concentration. Therefore, 
from a standard curve produced for determining the concentration of DNA in unknown samples, an 
amount of DNA as low as 1×10-8 µg can be detected. Furthermore, qPCR allows for the 
quantification of virus particles in a whole range of samples obtained at different stages of the 
formulation of baculoviruses as biopesticides. Purified and non-purified viral samples containing 
infected dead larvae and semi-filtered (crude) viral suspensions can be analysed provided a standard 
protocol, which is efficient in the extraction of the DNA from the samples is available.  Commercial 
DNA extraction kits are used to extract DNA from a wide range of biological samples including 
insect homogenates, as this method of extraction is time efficient and avoids the use of hazardous 
reagents.  
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A problem that may arise during the quantification of baculoviruses in virus suspensions is the 
inability to accurately determine the number of virus particles in samples that may have a mixture 
of closely related viral species. For example, the CrleGV granulin amino acid sequence has 98% 
identity with that of the CpGV (Lange and Jehle, 2003). The difference between the two GVs 
cannot be detected using dark field microscopy or SEM as the morphology and sizes of these GVs 
are very similar. qPCR is a powerful technique since it can detect such differences. This can be done 
using the melting temperature, which is unique to a specific DNA fragment being amplified, or by 
designing primers that hybridise with the different sequences. Therefore, a small difference in the 
sequence of genes that are highly conserved in two viruses which are closely related can be 
detected. For quantification purposes, qPCR, primers can be designed and used to synthesise the 
sequence unique to the genome of the virus of interest during the PCR reaction. A fluorophore, 
known as a TaqMan probe, is a sequence-specific oligonucleotide probe that is used to monitor the 
amplification of a specific target sequence during the qPCR reaction. The method makes qPCR 
highly sensitive and specific since the probe fluoresces only when bound to the specific PCR 
product being amplified. This technique can therefore be applied in quantifying CrleGV-SA and 
other baculoviruses in samples which are “contaminated" with other closely related viruses. Use of 
a TaqMan probe could be investigated.  
 
The development of a protocol for the quantification of baculoviruses in the production of 
biospesticides requires optimisation and verification of its accuracy and efficacy. Due to time 
constraints, qPCR was not fully validated and completed as an alternative method of enumeration 
for CrleGV-SA OBs. However, the study has shown that qPCR has the potential to be used as a 
quantitative method for GVs. qPCR is widely used for routine experiments in insect pest 
management, small and large scale research and clinical laboratories due to the high sensitivity, 
accuracy and reliability of the technique for quantification of nucleic acids (Pfaffl, 2010; Niesters, 
2001). The cost of real time qPCR thermocyclers has decreased over the last few years, resulting in 
an increase in routine use of qPCR (Szewczyk et al, 2006; Ginzinger, 2002). Therefore, qPCR 
represents a potentially valuable method for the enumeration of GVs. 
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CONCLUSION AND FUTURE DEVELOPMENT OF STUDY 
 
 Dark field microscopy, the current method of enumeration of CrleGV-SA, has been 
validated to be a reliable and accurate method for routine quantification of viral samples in 
the production of the GV as a biopesticide.  
 Enumeration studies conducted in the study have shown dark field microscopy to be 
comparable to SEM for the enumeration of GVs. 
 Dark field microscopy is not an easy method for quantifying GVs (as stated in previous 
studies), due to their smaller sizes when compared to NPVs. 
 A new technique has been developed and verified for the enumeration of GVs using SEM 
 SEM has been shown to be a reliable, highly accurate, time efficient and feasible method for 
the enumeration of GVs in the production of biopesticides. 
 Results of EM studies performed on CrleGV-SA have shown the virus to have surface and 
internal features characteristic of GVs. 
 qPCR has been shown to offer great potential as an enumeration method for GVs for routine 
experiments in the production of GVs as biopesticides.  
 
A follow-up study may be done to optimise extraction of DNA using viral DNA extraction kits, as 
this is quicker than the CTAB method and should be easier to standardise for use with a range of 
different CrleGV-SA samples. The sensitivity of qPCR could also be investigated on samples 
containing a mixture of closely related GV species, using primers designed to specifically amplify 
unique sequences to CrleGV-SA. Furthermore, EM studies can be conducted on CrleGV-SA to 
determine the nature of the lattice pattern and spacing in the OB crystals.  
 
The study has successfully investigated dark field microscopy as an enumeration method and has 
validated its accuracy. SEM has been developed and investigated as an alternative method for the 
enumeration of GVs, and has been shown to be highly accurate, reliable and feasible, and 
comparable to dark field microscopy. qPCR has been investigated and shown to be another 
alternative method for the enumeration of GVs as it is a sensitive technique which can differentiate 
between GVs which are closely related in a given virus sample. The enumeration results obtained 
for purified and crude viral stock preparations using dark field microscopy and SEM, suggest that 
there is a loss of OBs during the purification process used to extract CrleGV-SA OBs from virus-
infected larval cadavers. Morphological studies on CrleGV-SA using EM produced images which 
clearly show the surface and internal features of the OBs, which are characteristic of GVs studied so 
far. 
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APPENDICES 
 
APPENDIX 1 
 
 
Figure 26. A view of the Helber Thoma bacterial counting chamber under the light microscope. The 
counting chamber was used during enumeration studies using dark field microscopy. The     
CrleGV-SA OBs were counted in the 4 large squares located at each corner of the “middle square”   
(shown by arrow) and in 1 random large square in the centre of the “middle square”. 
Source: www.hpacultures.org.uk/technical/ccp/cellcounting.jsp 
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APPENDIX 2 
Virus Purification 
 
0.1% SDS (100 ml) 
Dissolve 0.1 g SDS in a 100 ml volumetric flask and make up to the mark with distilled water. 
1% SDS (100 ml) 
Dissolve 1 g SDS in a 100 ml volumetric flask and make up to the mark with distilled water. 
80% glycerol (100 ml) 
Add 20 ml 0.1% SDS to 80 ml glycerol and mix thoroughly. 
30% glycerol (100 ml) 
Add 70 ml 0.1% SDS to 30 ml glycerol and mix thoroughly. 
 
APPENDIX 3 
DNA Extraction 
 
10% SDS (100 ml) 
Dissolve 10 g SDS in a 100 ml volumetric flask and make up to the mark with distilled water. 
1 M Na2CO3 (sodium carbonate) (50 ml) 
Dissolve 5.5 g Na2CO3 in 50 ml distilled water in a 80 ml autoclavable bottle. Sterilise by 
autoclaving. 
1 M Tris-HCl (pH 6.8) (50 ml) 
Dissolve 6.05 g Tris base in 30 ml distilled water. Adjust pH to 6.8 with HCl. Then make up to      
50 ml with distilled water. Sterilise by autoclaving. 
1 M Tris-HCl (pH 8.0) (50 ml) 
Dissolve 6.05 g Tris base in 30 ml distilled water. Adjust pH to 8.0 with HCl. Then make up to      
50 ml with distilled water. 
CTAB (hexadecyl trimethyl ammonium bromide) buffer (400 ml) 
Dissolve 32 g NaCl in 100 ml distilled water and then add 2.96 g EDTA with 40 ml 1 M Tris-HCl 
(pH 8.0) to dissolve. Make solution up to 400 ml. Sterilise by autoclaving. Cool the solution and 
add 8 g CTAB, to dissolve, heat the solution slightly. Cool and cover bottle with foil and store in the 
cupboard.  
Proteinase K (25 mg/ml) 
Dissolve 0.25 g in 10 ml distilled water. Aliquot in 1.5 ml Eppendorf tubes and store at -20ºC. 
70% ethanol 
Add 70 ml pure ethanol to 30 ml distilled water and store at -20ºC. 
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APPENDIX 4 
Restriction enzyme digestion analysis 
 
0.5 EDTA (100 ml) 
Dissolve 18.61 g EDTA in 60 ml distilled water. Adjust pH to 8.0 by addition of NaOH pellets. 
Make up to 100 ml with distilled water. Sterilise by autoclaving.  
10X TAE (Tris acetate EDTA) buffer 
Dissolve 48.4 g Tris base in 200 ml distilled water. Add 11.42 ml glacial acetic acid and 20 ml     0.5 
M EDTA. Make solution up to 1 litre with distilled water. 
1% agarose gel for electrophoresis 
Dissolve 1.4 g agarose powder in 140 ml 1X TAE buffer by heating in microwave and swirl. Allow 
gel to cool to warm solution and add 12 µl ethidium bromide. Pour onto a gel tray, place comb and 
allow gel to set at room temperature. 
Restriction enzyme digestion mixture 
7 µl double distilled water 
2 µl 10X enzyme buffer 
10 µl DNA (~30 µg/ml) 
1 µl restriction enzyme (10 units) 
Incubation time at 37ºC = 3 hours (1 hour for EcoRI) 
Total volume = 20 µl  
Add 5 µl loading dye 
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